®
LY
se Ty
F © 0000000
o0 @ 090000@
*® o @ 000000
®® 0000
'Y 000000
ey 000
o0 000
e00 o6 TS
eoe 4
oo
00 &
ede
®00
Y
P4
T e000000e®
0000000000000
900000000000009@
. uooooooooooooooooo
20000
o®
Y
- e00®
— eoe
() o o090
0000000000000 00
e W 0000000000600 0000 o @
ﬂv (XXX T XTI TR X R X 1 ) L 1 J ®
S S 0000000000000 00 T
— 0000000000000 020000000000
% [Te) 2000000000000
(2] e00000 2000000000000000000
w o — )y 000000 0000000000000 00000000
[ (=) 000000000 0000009000000000000000
AN e © 0000@ 0000000000000000000000
< o @ 46 P 00000000000000000000
— @ 3¢ 0000000000000 000
- o o] ® ooe 000000000000
fa = L ® o000 00000000090
o L4
(AN So *%
I
P w — @ 000000000
00000000
o o w secese
o N
=
ﬂ”m [<F)
r
(=]
J— LY
s0000e
66009
oo 00000000
®® 0000000000000
P eoe 0000000000000 ¢
0000 0000000000000 000
PP 000000000000 0000000
— - o0@ 0000000000000 0000
ooe 900000000
0000600 00000000
20000000 0060000
000000600 e
200000600
00000000 ® ®
0000000000
0000000000 ®
00000000000
00000000000000
9000000000000
20000000000
T Y
ee




Table of Contents

1 Project Abstract
Project Goals

System Block Diagram

o~ VI N}

Subsystems

4.0 Main FSM - Diana

4.1 Camera Input - Lorenzo

4.2 Color Space Conversion - Diana
4.3 Image Transfer to Labkit - Lorenzo
4.4 Image Storage on Labkit - Lorenzo
4.5 Chroma-Key Compositing - Diana
4.6 Image Editing - Diana

4.7 Text Generator - Lorenzo

4.8 Custom Text Input - Diana

4.9 Graphics Generator - Lorenzo
4.10 VGA Output - Diana

4.11 Image File Output to PC - Diana

Testing & Debugging
Challenges
Design Decisions

Reflections

© X g9 S O

Conclusion

10 Acknowledgements
Appendix I - System Usage
Appendix II - PC Code

Appendix III - Verilog Source Files

© © 0w W g Ot B

11
11
14
15
23
24
25
26
28

30
31
33
35
37
39
40
43
44



1 Project Abstract

The modern smartphone has made taking pictures extremely commonplace and easy to
do. With the invention of social media networks like Facebook, Snapchat, and Instagram,
it 1s very simple to share photos of yourself in amazing places doing incredible things. The
majority of everyday life, however, is less amazing and more mundane. Our motivation

for this project was to turn the mundane into the amazing.

The FPGA Passport will transport its user across the world by editing their face/body into
exciting locations. Our project will assume that you are standing in front of a green
screen. The FPGA will take in data from a camera pointing at you and will display the
camera input on a monitor when a switch is flipped. You will then be able to press a
button to begin image editing. The green screen background will be removed, and you will
have the option to choose from a number of stored landmark backgrounds. Using

chroma-keying, we will overlay your face on top of your chosen background.

You will also have the option of adding text and graphics to the image. Do you fancy
yourself to be a king or queen? Try on the crown graphic and maybe even add some crazy
facial hair! Have you always wanted to walk through a rain-forest? We have the perfect
adventure-hat for you to try on. The FPGA Passport system will be able to place a crown
on your head or gear you up for a tropical adventure. And if the placement is not quite
right? Hat too low? Mustache too high? You will have the option of fine tuning the
location of these overlayed graphics via button inputs. The composited image along with

the optional text and graphics will be shown on the monitor.

When you are satisfied with the picture, you will be able to press a button to send the
image data to a PC in uncompressed bitmap format. The selfie will be saved as a bitmap

image on the PC, so that you, too, can brag about your travels to all of your friends.



2 Project Goals

Baseline Goals

(1) NTSC camera input to the Labkit
(2) User stands in front of green screen and flips a switch to display camera input
(a) Processing begins: green screen detected and removed/replaced by
user-selected background (user selects background via input buttons)
(b) Composited image shown on monitor
(c) User proceeds with image editing by using switches to select editing options
and using buttons for customization (see expected goals)
(3) User will be able to toggle a switch to add text to the composited image
(a) Default text will be “GREETINGS FROM _____ 7 -- these will be
pre-programmed and will correspond to user-selected backgrounds; for
example, if there is an image of the Eiffel Tower in the background, the
blank in the default greeting will say “PARIS”

(b) User will be able to move text around the screen using four button inputs

Expected Goals

(1) Background “destination” images stored in Flash memory; the FPGA is able to
read these images out of Flash memory and display them on the monitor

(2) User will be able to type custom text and add it to the composited image

(3) User will be able to toggle a switch to add graphics to the composited image
(a) Example graphics: crown, mustache, safari hat, and sunglasses
(b) User will be able to move graphics using four button inputs

(4) User will be able to toggle a switch to add filter effects to the output image
(a) Implemented filters will be selected via button inputs

(b) Basic filters: sepia, negative / invert



(5) User will be able to enhance the composited image
(a) User will be able to change the saturation and brightness of the image

(b) Enhancements will be made visible on the monitor in real-time

Stretch Goals

(1) Image data transfer to PC in uncompressed bitmap format
(2) More advanced filters: sketch, blur, cartoon
(3) Face detection to assist in auto-placement of graphics

(4) Real-time processing on video input instead of on static image



3 System Block Diagram
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Figure 1: High-Level Block Diagram

The figure above shows a high-level block diagram of our system. Flash memory and the
flash interface both run on the 27 MHz system clock. Custom text input is also processed
at 27 MHz. All image processing, text generation, graphics generation, and pixel output
are done in sync with VGA timing; in this project, for 800x600 @ 60 MHz, a 40 MHz clock
is used. Data transmission from the FPGA via UART is done at a baudrate of 115200.



4 Subsystems
4.0 Main FSM - Diana

Module(s): main fsm, zbt 6111 sample, debounce®, display 1l6hex*

The main_ fsm module defines the state transitions for the overall system. The finite
state machine consists of the following 6 states:
(1) FSM_IDLE - the default idle state; camera input not being processed
(2) SEL_BKGD - camera frame displayed on screen; user able to select background
(3) COLOR_EDITS - user able to enhance image and/or apply filter effects
(4) ADD EDITS - user able to overlay text and/or graphics over image
(5) SAVE_TO BRAM - edited image saved to BRAM memory and then displayed

(6) SEND_TO_PC - stored image transferred to PC in uncompressed bmp format

State transitions occur on edges of debounced user inputs. Both button and switch inputs
are debounced using the debounce module, and their rising/falling edges are used to

advance through the state machine in a linear fashion:

sw_ntsc_falling

+ sw_ntsc_falling
FSM_IDLE SEL_BKGD » COLOR_EDITS
sw_ntsc_rising enter_rising
Tsw_ntsc_falling * enter_rising
enter_rising store_bram_rising
SEND_TO_PC |= SAVE_TO_BRAM |t ADD_EDITS
sw_ntsc_falling
sw_ntsc_falling

Figure 2: Main Finite State Machine

The main fsm module is instantiated in the zbt 6111 sample top module that also
instantiates all other major subsystems. The main fsm module has only one output,

fsm state[2:0]; this signal is displayed as the leftmost nibble on the hex display.



4.1 Camera Input - Lorenzo

Module(s): video decoder*, ramclock*, ntsc2zbt*, vram display¥,

zbt 6111%*, ycrcb2rgb*

The majority of the code for NTSC camera interfacing was provided by the 6.111 lab staff,
though it required modifications to add color. The video decoder and ntsc2zbt code

take in data from the NTSC and convert it into easily usable data. By synchronizing with
the system clock and converting the data from YCrCb to RGB, these modules make

taking data from the camera significantly easier.

After this, the data is then stored in ZBT. The original code was set up to store two
grayscale pixels in one space in memory, however, color was needed for this project.
Therefore, the code was modified to store one 24-bit pixel in one memory location.

Because we didn't need live feed, we stored a static image in ZBT.

Before displaying this image through VGA, the color had to be converted to RGB. This
was also done with staff provided code; the process and intricacies of color spaces are

described in the following section.

After this conversion, the vram display module then reads from ZBT and fetches the
appropriate pixel in memory for a given vcount and hcount. This pixel is then given to

the VGA and then displayed on the screen.

4.2 Color Space Conversion - Diana

Module(s): rgb2hsv*, hsv2rgb
There are several ways to represent color; commonly used color spaces include:

e RGB - in which red (R), green (G), and blue (B) light are added to produce colors

e YCrCb - in which colors are represented as brightness and two color difference
components; Y is the luma (brightness) component, Cb is the blue-difference (B-Y)
component, and Cr is the red-difference (R-Y) component

e HSV - in which colors are represented by hue (H), saturation (S), and value (V)



Color space conversion plays a significant role in our project as it simplifies chroma-key
compositing. The HSV color space is ideal for chroma-keying since it allows for easier
thresholding; the hue threshold can be set to the chroma key, which in our case is the
color green, and the threshold for keying can then be adjusted over saturation and value.
This results in more accurate compositing, where slight deviations in the brightness of
the green screen backdrop (e.g. due to lighting conditions, shadows, etc) do not

compromise the quality of the composited image.

Most graphics, including the background images used in our project, are stored as RGB
values. Furthermore, the decoded input video frame is converted from YCrCb to RGB. In
order for chroma-key compositing to be done in the HSV color space, conversion from
RGB to HSV i1s needed; this is implemented in the staff-provided rgb2hsv module. The

module uses two IP core dividers and is pipelined with 23 stages.

Since the output after compositing is in the HSV color space, it needs to be converted
back into RGB before being sent to the VGA display. The hsv2rgb module carries out

this conversion using only integer math' in a pipelined manner with 10 stages.

Figure 3 illustrates how hue, saturation, and value
are defined in the HSV color space. Hue ranges from
0 to 360, while saturation and value each range from
0 to 100. In the color space conversion modules,

these are all normalized to be in the 0 to 255 range.

Figure 3: HSV Color Space

! C Implementation: http://web.mit.edu/storborg/Public/hsvtorgb.c



http://web.mit.edu/storborg/Public/hsvtorgb.c
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4.3 Image Transfer to Labkit - Lorenzo

Module(s): usb_input*

Program(s): seriall.py, JPEGtoCOE.m, converter.py

Through a combination of MATLAB and Python scripts, images were converted from
JPEG to a format that was compatible to be sent from a PC to the Labkit via FTDI
UM245R USB.

MATLAB provided a great built in tool to analyze images. After simply importing the
image and parsing it with the built-in function imread (), which creates matrices of red,
green, and blue values for each pixel, the script iterates through all pixels and writes
these values as binary values into a text file. The script was designed to convert the
picture to 16-bit color (5 bits of red, 6 bits of green, and 5 bits of blue). 16-bit color was

chosen due to space constraints within the flash memory.

The MATLAB script generates a text file that is not easily parsed by seriall, which
therefore created the need for a small Python program (converter) to convert this data

into data that could be easily sent to the FTDI.

After running this process four times (for all background images), all the data was

compiled into one large file that was then sent by seriall to the FTDI UM245R.

4.4 Image Storage on Labkit - Lorenzo

Module(s): usb_input*, flash write, vram display, zbt 6111 sample

As mentioned above, data was sent to the labkit from the PC via the FTDI UM245R.
After data was received, it was stored in a small buffer, and then the staff provided

usb input would output the data to the main flash write module.

Every time a new piece of data was available, a ready signal was given by usb_input.
Data from this module, however, only came one byte at a time, which was only one half of
the pixel data. At each ready signal, one piece of data was stored into the upper half of a
16-bit register and then it was completely filled at the next ready signal. Once full, this
data was the passed into a large FIFO, which interfaces with the Flash memory. After
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storing the pixel in the FIFO, the register was cleared and the next data set was ready to

be received from the usb_input.

The aforementioned FIFO was used to cross the clock domains and help deal with the

unpredictable nature of Flash, which will be discussed in the next section.

Flash Memory

As mentioned above, Flash memory, while incredibly useful, is finicky and definitely
challenging to interface with at times. Due to memory constraints, it was impossible to
also store the background images in BRAMS, so they were stored in the large Flash
memory bank. In total, five images were stored in flash (four backgrounds 640x480 and
one start-up 640x360). Each memory location (1459200 total used) holds 16 bits of

information which is why the images were originally converted to 16-bit color.

Flash, unlike some other systems, does not have a ready signal, but rather a busy signal.
Whenever flash is asked to do a specific task, it asserts its busy signal and then carries
out the task. Once completed, it lowers the busy signal, conveying that it is ready for the
next instruction. The difficulties here come in that the Flash in not often consistent.
Sometimes it takes the same time to write a pixel to memory and sometimes not. This
was the primary need for the FIFO. Because it was not certain when the flash would be
ready for the next piece of data, the FIFO acted as a great buffer and would given the
Flash data only when the Flash was ready.

There was also a slightly complicated reset mechanism, which took a while to debug, this
will be covered further in the Challenges section. Resetting was crucial to correct writing,
but it was very important that once the data was written correctly, that it would not be
overwritten or reset. The Flash reset did not like being hardcoded to a zero, so it was set
to a very complicated series of switches and button combinations that would never be able

to happen on accident.
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/BT Memory

While Flash is very useful in that it has the capability to store large amounts of data even
when power has been turned off, it is unfortunately very slow. This is a problem when
displaying the images. The background images were therefore cached to ZBT. There are
two ZBT RAMs on the labkit. The first RAM (ram0) was used the store camera input
data, as mentioned in Section 4.1, and the second RAM (ram1) was used to cache a
selected background image. The background image was selected via button inputs where

0, 1, 2, and 3 corresponded to Paris, Rome, Amazon, and London, respectively.

Due to a combination of different clock domains between ZBT and Flash, and the often
unpredictable nature of the Flash busy signal, a FIFO was used to attempt to deal with
these issues. This, however, introduced other complications. It was still difficult to

properly assert the write and read enable signals. Therefore, another system was devised.

Because the Flash was operating at 27 MHz and it takes several of these clock cycles to
retrieve data from flash, it was certain that by testing the falling edge of busy on each
clock cycle, using the ZBT clock, we could accurately capture the correct data (Flash
reading code is in top file of zbt 6111 sample). When the falling edge of busy is
detected, data on the Flash data-out wire is stored into a register that is then passed to
the ZBT input, the ZBT write enable is asserted, and the ZBT write address is increased.
During the caching phase, the write enable signal is constantly high. It is the address and
data that change at the falling edge of busy. After the image has been loaded from flash
to ZBT, the write enable signal is deasserted and the vram display module gains

control of addressing.

At this point the selected image has been loaded into ZBT, but now it needs to be read
and fed to the VGA. Using vram display, the address for the desired pixel is
determined using a given hcount and vcount. Like one reads, left to right then top to
bottom, the pixels were stored such that the top left pixel was in the first memory
address, and thus the last pixel from the bottom right corner was stored in the last

memory location.
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Using this storage scheme, vram display accessed vcount*640+hcount to obtain the
specified pixel. Because of a two cycle delay in accessing things from ZBT memory,
vram display forecasted ahead in order to offset this delay. After receiving the pixel
data, it then feeds this information into the VGA outputs. Taking the bits and placing
them in the higher order locations to move the 16-bit color into the 24-bit output.

4.5 Chroma-Key Compositing - Diana

Module(s): chroma key, pixel sel

Chroma-key compositing consists of two steps: (1) chroma-key detection, and (2)
compositing. The chroma key module carries out chroma-key detection. It takes in 24-bit
HSV as input and determines whether the HSV values fall into pre-defined threshold
ranges. Local parameters within the module define separate nominal thresholds for hue,
saturation, and value, as well as a range parameter for specifying the tolerance with
which input HSV values are considered to match thresholds. Default settings for these
nominal thresholds were chosen based on preliminary testing during system integration;
the hue threshold, for example, was set to bright green. However, to better account for
fluctuating lighting conditions, and to offer more customizability regarding which chroma
key is used (green screen, blue screen, etc), all thresholds are user-adjustable. The
chroma key module contains the logic controlling H, S, and V threshold adjustment via
the directional user input buttons: pressing the up/down buttons while leaving the
left/right buttons untouched adjusts the hue threshold; pressing the up/down buttons
while holding down the left button adjusts the saturation threshold; pressing the up/down
buttons while holding down the right button adjusts the value threshold. The range used
in thresholding over hue and saturation can also be adjusted by pressing the up/down
buttons while holding down both the left and right buttons. The effects of adjusting
thresholds are visible on-screen in real-time because the changes are immediately

reflected in how the system detects the chroma key color.

Chroma key thresholds are adjustable only when the main FSM is in the SEL_BKGD state,
1.e. the state in which the user selects a background image choice. The compositing of the

camera input frame with the selected background image is done in the pixel sel
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module, where the chroma_key match signal is used a selector; if chroma key match
1s asserted, the composited pixel will be the background image pixel; otherwise, it will be
the HSV pixel from the camera input frame. The 24-bit HSV output of the chroma-key

compositing subsystem is then passed an input to the image editing subsystem.

4.6 Image Editing - Diana

The image editing subsystem contains several modules that implement various types of

image processing. The modules are grouped in two categories: enhancement and filters.
Image Enhancement

Module(s): enhance

The enhance module allows the user to adjust the saturation and brightness of image
pixels and view the changes on the screen in real time. Image enhancement is enabled or
disabled using the enhance en switch. When enhancement is enabled and the main
FSM is in the COLOR_EDITS state, the four directional buttons inputs control saturation
and brightness offsets. Pressing the up/down button increments/decrements the
saturation offset, while pressing the right/left button increments/decrements the
brightness offset. On every clock cycle, the offsets are applied to the original S and V
values of each input HSV pixel, and an output pixel is generated with the modified S and
V values. Each output pixel is then converted to RGB by the hsv2rgb module before
being displayed via VGA, allowing the user to observe the saturation and brightness
adjustment in real-time. Saturation and brightness can be adjusted simultaneously, and

can also be reset to original values by pressing all four directional buttons together.

The set of figures on the next page demonstrates image enhancement:
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Figure 5: Increased Saturation Figure 6: Decreased Saturation

Figure 7: Increased Brightness Figure 8: Decreased Brightness
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Filter Effects

Module(s): filters, sepia, invert, grayscale, cartoon, line buf,

sobel op, edge det, gaussian

The £ilters module instantiates four filter modules and also contains logic to determine
which filter the user has selected. Filter effects are enabled or disabled using the
filters_en switch. When filter effects are enabled and the main FSM is in the
COLOR_EDITS state, the four selector buttons (0, 1, 2, and 3) are used to select a

particular filter. The mapping between selector buttons and filter effects is as follows:

0 : SEPIA - a simple filter that applies a sepia tone to create a vintage effect
1: INVERT - a simple negative filter that inverts colors

2 : SKETCH - a filter effect that performs edge detection on the original image
3

: CARTOON - a combination of edge detection, bur, and conversion to 8-bit color

The default effect that is applied when filter effects are first enabled is GRAYSCALE.
Afterwards, the system remembers which filter the user has selected. The GRAYSCALE

effect can then be re-applied by pressing all four selector buttons together.

The £filters module takes 24-bit color RGB as input and passes the input through all 4
filter submodules. It then selects the 24-bit RGB output pixel based on the selected filter.

Implementations of various filter effects are described below.
Grayscale

The grayscale module converts input RGB values to a single 8-bit monochrome value.
The 24-bit output pixel from this module has its R, G, and B values equal to this mono-

chrome value. Conversion to grey color is based on the NTSC formula for luminance:?

Y = 0.2989R" + 0.5870G" + 0.1140B’

2 Color FAQ: http://www.poynton.com/notes/colour and gamma/ColorFAQ.html


http://www.poynton.com/notes/colour_and_gamma/ColorFAQ.html
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where R’, G, and B’ are gamma-corrected components. Our Verilog implementation

assumes that R =R, G’ = G, and B’ = B, i.e. gamma correction is not taken into account.
The grayscale module is pipelined with 3 stages.
Sepia

The sepia module converts 24-bit RGB color input to sepia and output pixels with 24-bit

sepia-tone RGB values. The algorithm used to compute sepia-tone values has two steps:?

(1) Compute intermediate RGB values by taking integer values of these sums:

tR = 0.393R, + 0.769G, + 0.189B,,
tG = 0.349R, + 0.686G, + 0.168B,,
tB = 0.272R,, + 0.534G,, + 0.131B,,

(2) Set RGB values of the output pixel according to these conditions:

if tR > 255, then R,,, = 255; else R, = tR
if tG > 255, then G,,, = 255; else G, = tG
if tB > 255, then B,,, = 255; else B, = tB

The sepia module is pipelined with 4 stages.
Invert / Negative

The invert module implements a simple negative filter, in which light areas of the
image appear dark and dark areas appear light. A negative filter also reverses colors into
their complementary colors; red appears as cyan, green appears as magenta, and blue
appears as yellow. The invert module takes in 24-bit RGB color as input every clock

cycle and outputs an inverted 24-bit RGB pixel on the next clock cycle, where:

out 255 - Rin
out 255 - Gin
out 255 - Bin

3 http://www.dyclassroom.com/image-processing-project/how-to-convert-a-color-image-into-sepia-image



https://www.dyclassroom.com/image-processing-project/how-to-convert-a-color-image-into-sepia-image
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2D Convolution (3x3)

Implementing more advanced filters requires performing 2D convolution on the input

image. The two remaining filters in our system carry out 3x3 2D convolution.

2D convolution is the process of adding each element of a matrix to its local neighboring
elements, weighted by a given kernel. 3x3 convolution of a matrix with a 3x3 kernel
involves (1) flipping the kernel both vertically and horizontally, (2) overlaying the kernel
over the matrix, (3) multiplying the matrix elements by overlapping kernel values, and
(4) summing the multiplied values to obtain the output value for the center element in

the matrix. An example is shown in Figure 9.

a b ¢ 1 2 3
d e f * 4 5 6 |:2,2:| =i+ 2h +3g + 4f + 5e + 6d + 7c + 8b + 9a
g h 1 7 8 9 Y
center
element
in matrix

Figure 9: 2D Convolution

Performing convolution requires two copies of data - one that is used in the convolution
calculations and one that is overwritten. Since the amount of internal memory available
on the labkit FPGA is so limited, it is unfeasible to store a duplicate copy of the image
that is being filtered. Instead, line buffers are used to store the rows of image data that
are immediately used in the convolution calculation. For 3x3 convolution, two consequent
rows of data and three data elements of the third consequent row are needed. In our
design, the 1ine buf module creates 2 line buffers that are each as long as the image
width as well as an additional 3-element buffer. These buffers are actually shift registers
through which image data passes; they act as latency pipes for incoming streams of pixels
and simulate sliding a 3x3 window in raster scan across the input image. Line buffers

and the 3x3 sliding window are illustrated in Figure 10.
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line width = LINE_LEN
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Figure 10: Line Buffers and Sliding Window

The 1ine buf module outputs nine values that correspond to the matrix of values
overlaid by the 3x3 window; this is the matrix to which Gaussian kernels and Sobel
operators will later be applied. The 1ine buf module is parameterized by both line
width LINE LEN (i.e. the desired length of the line buffer) as well as by element width
ELEM LEN (i.e. the size of each element to be stored in the line buffer).

Gaussian Blur

The gaussian module applies a 3x3 Gaussian kernel to an input 3x3 matrix of pixel
values. Since each pixel value actually consists of three distinct values (namely, RGB),
processing is done on each channel separately. Furthermore, since blurring is being done
with the end goal of creating a cartoon effect, 8-bit color is used. The gaussian module
therefore takes nine 2-bit R values, nine 2-bit G values,

and nine 1-bit B values as inputs. To each of these 3x3

. . . . 1/16 2/16 1/16
matrices, the 3x3 Gaussian kernel shown to the right is

applied. The gaussian module is pipelined with 3 2716 4716 2716

stages and outputs an 8-bit color blurred RGB value. 1716 2716 1/16
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Sobel Edge Detection

1 0 1 1
Ge= | -2 0 2 Gy = 0
1 0 1 1
a0 al a2
8x = Gx
A= a7 pix a3
a6 a5 a4 8 = G

Read neighboring pixel values

-

v

Compute x- and y- partial
derivatives gy and gy

¥

Compute g,*> and g2
or |g«| and |gy]

v

Find gradient G = (g + g2)°%°
or approx. G = |gx|+|gy|

No—>

Process
next
pixel

Yes

v
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The sobel op and edge det modules implement
simple edge detection on the input image. Like the
gaussian module, the sobel op module takesin a
3x3 matrix of pixel values as input; for edge
detection, grayscale input is used, so only one
matrix consisting of nine 8-bit monochrome values
1s processed. The Sobel operator calculates the
gradient in a region of pixels by applying two
convolutional masks to the input matrix and
calculating partial derivatives, g, and g, which
detect gradients in the x- and y- directions
respectively. After calculating the gradient, the
sobel op module passes the 16-bit value to the
edge det module that then compares the gradient
against a predefined threshold and determines
whether the pixel of interest corresponds to an edge.
The computation of partial derivatives is shown in
Figure and the overall flow for Sobel edge detection
1s summarized in Figure. The sobel op module is
pipelined with 4 stages, and the edge det module

introduces an additional 1-cycle delay.

Figure 11 (top): Sobel Operator, Figure 12 (bottom): Sobel Edge Detection Flow

Sketch & Cartoon

The cartoon module instantiates both the Sobel edge detection modules and the

Gaussian blur module, as well as all of the needed line buffers. The module takes both

24-bit RGB color and grayscale as input. It implements a sketch effect by applying just

edge detection to the input and a cartoon effect by combining the outputs of both edge

detection and 8-bit color Gaussian blur. The outputs of the cartoon module include
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rgb_edge [23:0], a sketch effect output pixel, and rgb cartoon[23:0], a cartoon
effect pixel. Since edge detection is involved in both filter effects, the edge det module
distinguishes between the two effects by using different thresholds for marking edge
pixels. The threshold used for the sketch effect is lower than that used for the cartoon

effect, in order for the sketch output to appear more “detailed.”

The set of figures below demonstrates the filter effects described in this section:

Figure 13: Original Image Pre-Filtering Figure 14: Grayscale

TR

Figure 15: Sepia Figure 16: Negative / Invert
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Figure 17: Sketch (Edge) Figure 18: Cartoon (Edge + Blur)

4.7 Text Generator - Lorenzo

Module(s): stringmaker, text gen

These modules were used to create sprites of letters to be displayed on the screen. This
module, however, does not directly display the pixel on screen, but rather when given an
hcount, vcount and coordinates, it determines whether or not there should be color

displayed.

There are two internal components to this system. There is block ROM interface module,
text gen, which handles one letter at a time and pulls data from the font ROM initialed
with the letters. coe file (data for all letters of alphabet and a space; the letters are of
fixed size and font. ). And also a module, stringmaker, which instantiates text gen
and handles inputs such as custom text versus default text. Given the background
selection, the default text generator section of the module outputs the message
“GREETINGS FROM [background location]”, however, if the custom signal is high, then

data on the custom text input is taken.

The process of stringing a word together was more complicated than anticipated but after
a few iterations, a highly functioning system was developed. The text gen module takes
in both a vcount and hcount, but also and offset which allow for moving text. Initially,
these default to the coordinates (0,0), but the user has the ability to move the text around
the screen by use of buttons on the labkit. This functionally was exploited to write

multiple letters at the same time. When the top line of the first letter is being written,
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stringmaker instructs text gen to access and then display the top line of that letter.
Then, after hcount moves the width of a letter (15 pixels), stringmaker tells text gen
to now fetch the top line of the next letter, not at the original location, however, but
instead at a location 18 pixels away from the previous letter. These 18 pixels provide
space for the previous letter and a small buffer in-between. Now on the same at the same
vecount the top part of the letters are all displayed. When vcount increases, this process

is repeated, but instead, text gen fetches the next line of each letter.

When the user turns the custom text switch high, the default text disappears and the
module waits for input from the user. After raising the switch, the user can then type
what they want on the keyboard and when they are done they hit the enter button on the
Labkit. Upon hitting this button, the Custom Text Input modules are initiated. They will
be described in the next section. They output to the stringmaker a ready signal, an
array of bytes that each corresponds to an ascii character, and the number of characters
that were entered by the user. Much like how stringmaker handled default text, it then
calls text gen which accesses the selected letter in memory and outputs whether a

given location is within the sprite boundary.

4.8 Custom Text Input - Diana

Module(s): custom text, ps2*, ps2 ascii input*

The custom text module acts as a wrapper for the staff-provided ps2 ascii input
and ps2 modules that together process PS/2 keyboard input to the Labkit. The

ps2 ascii_input module outputs 8-bit ASCII values along with accompanying ready
pulse signals. These ASCII bytes correspond to the characters that the user has typed on
the keyboard. When our system’s main FSM in the ADD EDITS state and custom text has
been enabled via the custom text en switch, the custom text module continuously
checks whether a char rdy signal has been asserted by the ps2 ascii input module.
This indicates that another incoming character byte has been processed, and the

custom text module then stores this new ASCII value in a character array. The array
1s limited in size, with max length being a parameter set to a default value of 20. This

means that the first 20 characters that the user types on the keyboard will be read by the
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custom text module; all following keyboard input will be ignored. The length

parameter can be easily modified if user wishes to process longer or shorter text.

ASCII values are stored in the character array from left to right, i.e. the first character
entered is stored as the most significant byte in the array. The character array is
finalized when the user presses an enter button on the Labkit after having typed the
desired text. At this moment, the custom text module also determines the total number
of characters that the user has entered and asserts a char array rdy signal indicating

that the character array is ready to be processed by the text generation subsystem.

4.9 Graphics Generator - Lorenzo

Module(s): graphicsmaker

This module 1s similar to the Text Generator module, however, it has fewer states. As
opposed to 27, it has four. One for a crown to match the London setting, a mustache for

Paris, sunglasses for Rome, and an adventure hat for the Amazon.

Like the Text modules, the Graphics generator has a COE file loaded into a block ROM.
graphicsmaker accesses the chosen graphic, and like the text, determines whether a

specific location on the screen should have color or not.

Because this COE file was given radix 2, other colors had to be hardcoded into the output.
graphicsmaker could tell if there should be color and then after that, if it was within a
specific section of them memory, it was assigned different colors. For example, the top of
the crown was made red by assigned the color variable to be red above a certain line in

memory and gold below that line.

Unlike the Text modules, graphicsmaker can only make on image at a time. Though a
system very similar to that used for text could be implemented to create multiple

graphics at once.

On the next page, there are four photos that show a few of the many different
combinations that a user could create. For example, they could have custom text with a

mustache graphic in Paris.
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Figure 19: Paris Figure 20: Rome

Figure 21: The Amazon Figure 22: London

4.10 VGA Output - Diana

Module(s): pixel sel, mover

All of the image processing done in this project is done in real-time; intermediate images
(e.g. between image enhancement and applying filter effects) are not stored anywhere in
memory. Only the initially-taken NTSC camera input frame is stored in ZBT memory.
Processing is continuously done on a pixel-by-pixel basis, and what is displayed on screen
1s actually the same camera input frame being processed over and over with the same
settings (threshold/enhancement settings, background/filter selections, etc) and the same
text/graphics overlay. Pixel display is largely controlled by the VGA output subsystem,

which consists primarily of one major pixel selector module (pixel sel) that
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instantiates all of the image processing modules (color conversion, enhancement, filters)
as well as the text and graphics modules. The pixel sel module also interconnects all

of the instantiated processing modules, resulting in a somewhat linear processing path:

stored YCrCb pixel from NTSC input — YCrCb2RGB — RGB2HSV — chroma-key

compositing — image enhancement — HSV2RGB — filter effects

The pixel output from the filter effects subsystem, and therefore of the image processing

subsystem, is pixel filtered[23:0], one of the 3 pixel outputs that can get displayed.

In addition to instantiating the text and generator modules, the pixel_sel module also
Iinstantiates two versions of the mover module, one of which is used for controlling the
movement of displayed text and, the other, of displayed graphics. The mover module
generates x- and y- coordinate offsets given user button inputs. When the main FSM is in
the ADD_EDITS state, the four directional buttons can be used to adjust the position of
the top left corner of text/graphics sprite on the screen. The directional buttons control
text movement when the move_en switch is low and they control graphics movement
when the switch is high. Position offset values are updated on the falling edge of the VGA
timing signal vsync. The pixel sel module connects the text and graphics mover
modules to the text and graphics generator modules, resulting in two additional distinct
subsystems (text overlay and graphics overlay). In each of these subsystems, sprites are
generated on a white background, and the respective pixel outputs are

text gen pixel[23:0] and graphics gen pixel[23:0].

In determining which of the three aforementioned pixel outputs actually gets displayed
on screen, the pixel sel module checks whether the text en and graphics en
switches have been turned on (thereby enabling text/graphics overlay). If both are

enabled, pixels are selected for display in the following order of priority:
(1) text_gen pixel (2) graphics gen pixel (3)pixel filtered

The selected pixel output is assigned to vga_rgb_out [23:0]. This signal is registered

and connected to top-level VGA pixel output as long as the main FSM 1is not in the
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FSM_IDLE, SAVE TO BRAM, and SEND TO PC states. In those states, either a blank

screen or data stored in BRAM is displayed.

The pixel sel module also delays VGA timing signals to ensure that they are in sync
with the VGA pixel output. Since all image processing is done on the fly, the delays from
all of the pipelined processing modules accumulate to a considerable total delay.
Furthermore, the delay depends on type of filter that the user has selected, since more
advanced filters require more processing time. The pixel sel module uses three shift
register that are each large enough to delay the VGA hsync, vsync, and blank signals
by the longest possible delay needed; the module then checks which filter has been
selected and outputs the appropriately delayed timing signals.

4.11 Image File Output to PC - Diana

Module(s): bram ifc, uart tx, zbt 6111 sample

Program(s): uart rx.py, bin2bmp.c, save bmp.sh
Storage in BRAM

When the main FSM is in the ADD_EDITS state and the user has finished editing the
image, the user can trigger a transition to the SAVE TO BRAM state, in which a cropped
copy of the edited image is stored in block memory. Due to the limited amount of internal
memory available on the FPGA, the image is cropped from 640x480 to 640x400 and
converted from 24-bit color to 8-bit color before being saved in 256000x8-bit single-port
BRAM. The bram ifc module contains an FSM that controls writing to and reading from
the instantiated BRAM. A user input switch enables writing to BRAM, which initiates
the linear progression through the FSM states: from the BRAM IDLE state, the BRAM
FSM transitions to the CAPTURE FRAME state, in which it waits until the VGA hcount
and vcount signals correspond to the top left corner of the output image before beginning
to store pixel values. Image data is written to BRAM in the WRITING FRAME state, and
the FSM transitions immediately to the READING FRAME state after the entire image has
been saved in BRAM. The stored data is then continuously read out and displayed via
VGA. Turning the user input switch off resets the BRAM FSM and allows stored data to

be overwritten with new data the next time the switch is raised.
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Transfer to PC

When the main FSM is in the SAVE_TO BRAM state, the user can initiate image data
transfer to the PC by pressing the enter button. The BRAM state will remain

READING FRAME, except now the read address will be the tx counter corresponding to
the number of RGB values that have been transmitted from the FPGA to the PC.

tx_ counter is incremented on every third clock cycle, to allow enough time for the 24-bit

RGB values to be transmitted as three 8-bit values. Image data is transferred via UART.

The uart tx module implements a simple parameterized UART transmitter with a
default baudrate of 115200. By default, the transmitter sends 1 start bit, 8 data bits, and
2 stop bits per data byte. The TX clock is generated from the 40 MHz c1k signal used
throughout our overall design. The uart tx module accepts 8-bit data and a TX enable
signal as inputs. When the TX enable signal is asserted, the input data is stored in a shift
register, along with the preceding start bit and succeeding stop bits; the length of the
shift register used corresponds directly to the total number of bits that will be
transmitted per data byte (in this case, 1+2+8 = 11). Then, on each rising edge of tx_clk,
one bit is transferred - beginning with the start bit, proceeding with the data bits from
LSB to MSB, and concluding with the stop bit(s). If the TX enable signal remains
asserted and a new byte of data is waiting to be sent after the current byte has been
transmitted, the new input data is stored and subsequently transmitted. The transmitted

bit signal is connected to a user output wire.

On the receiving PC end, a Python program running on the PC (uart rx.py) receives
the transmitted data and temporarily stores it in a FIFO buffer. After all of the image
bytes (3%640x400 = 768000) have been received, the buffered data is written in binary
mode to a .bin file. A C program (bin2bmp.c) that structures binary data into a bitmap
file then runs and outputs a .bmp file. The end result is an uncompressed bitmap image
stored on the PC. For convenience, a shell script (save_bmp. sh) that calls the Python

program and the C program in the correct sequential order has also been created.

Since no issues arose in transferring data during testing, the Verilog implementation of

the UART transmitter used in this project does not support RT'S/CTS flow control.
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5 Testing & Debugging

In addition to common testing and debugging that is implicit in any project, we spent the
majority of our time debugging issues with timing. Due to the multiple clock domains
involved, it was very important that we had a clear approach to integrating and testing
our modules. We chose to build our project in a very modular way and took great care to
confirm the functionality of one module or subsystem before moving to another. The hex
display and LED output were used very often to ensure that data was being manipulated
in the way we intended for it to be. For example, whether data was properly being stored

in a specific memory location or when data was being altered for filter effects.

When anomalies occured, and we suspected bugs, we began by passing out values to the
hex display and LEDs to be sure that our logic was behaving how we intended it to be
behaving. Generally, we took a top down approach: making sure earlier logic functioned
correctly before attempting to debug the final output. If we could ensure all early code

and logic worked, then we could deduce where our error was occurring.

Testbenches were used for a few of the color space conversion modules and filter modules.
Both the rgb2hsv and hsv2rgb modules were verified in simulation with simple
testbenches that tested several input RGB / HSV values. A testbench was also used to
verify the sepia filter module, primarily because the conversion from RGB to sepia tone
1s formulaic in nature and easily testable in simulation. Testbenches were not used for
more advanced filters as careful modular design resulted in expected functionality with

minimal debugging, which eliminated the need for simulation.

Testbenches were also not used for testing interfaces to Flash memory or the NTSC due
to their behavior being difficult to simulate. The Challenges section will discuss the

intricacies of a particularly frustrating bug in the flash memory code.



30

6 Challenges

One of the main reasons that we chose to use Flash memory was due to its ability to hold
large amount of data for a long time, regardless of whether the labkit remained powered.
There was, however, a strange bug in the staff provided code where in which flash would
reset upon the FPGA being reprogrammed. And though it took a while to find, it was

eventually corrected, however, not before losing about five days.

Even after this was fixed, Flash memory still appeared to occasionally exhibit illogical
behavior, such as varied read time lengths, and special care was taken when interfacing
the Flash with any other system, such as the FTDI USB and ZBT memory. Flash was
significantly easier to read from than to write to, therefore once Flash was correctly
written to, the remainder of the background image process, such as reading from Flash

and caching to ZBT, seemed easier in comparison.

Since Flash gave us so much trouble, when it became evident that caching the image from
Flash to ZBT wasn’t working properly, we initially assumed that the problem was with
Flash. However, this turned out to be an incorrect assumption. We then began to suspect

problems in reading out of ZBT.

Our project uses VGA timing, but when originally coding this part of the project, all
timing was based of the XVGA clock. ZBT memory accessing when reading and
displaying was based off of hcount and vcount (described in detail in Section 4.4 - ZBT
Memory). XVGA timing and VGA timing are different because of the different resolutions
they support (800x600 for VGA and 1024x768 for XVGA) and when we integrated this
module with the project as a whole, the image did not display correctly. However, once we
realized this, we adjusted the code for VGA timing and devised a more straightforward

addressing system, and then the image displayed perfectly.

We also encountered difficulties with internal memory throughout our project. The Labkit
contains limited BRAM resources: 144 18-Kbit blocks, for a total 2952 Kbits. When

storing images in 8-bit color, it seems as if this amount of internal memory is enough to
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store a 640x480 image (8%640x480 = 2457.6 Kb). However, we found out that generating a
BRAM with a width of 8 and a depth of 307200 resulted in overmapped BRAM resources,
indicating that the depth of the generated BRAM was likely increased to the nearest
power of 2, 1.e. 2719 = 524288. To resolve this issue, we decided to crop our output image
and only store 640x400 pixels, which required up to a maximum depth of 2418 = 262144.
Reducing the amount of BRAM used  pevice utilizatien summary:

for storing our output image also left
Selected Device : 2v6000bT957-4

us with enough resources for our font

Number of Slices: 6241 out of 33792 18%

. . Mumber of Slice Flip Flops: 6130 out of 67584 9%

ROM’ graphlcs ROM’ and hne buffers Number of 4 input LUTs: 9353 out of 67584 13%
. . . . Number used as logic: 6562
used in 2D convolution. Our finalized Wilshor fisedl G5 BEOTE FegisbeRsE BOIE
. . . Number used as RAMs: 16
implementation ended up using over Number of IOs: 576

A Number of bonded IOBs: 363 out of 684 53%
90% of the available BRAM: I0B Flip Flops: 2

Number of BRAMs: 133 out of 144 92%

Number of MULT18X18s: 42 out of 144 29%

Figure 23: Device Utilization Number of GCLKs: 6 out of 16 37%

Number of DCMs: 3 out of 12 25%

Summary in the Synthesis Report

Another challenging aspect of the project was syncing VGA timing with VGA pixel
output. The pixels were being passed one-by-one through a series of pipelined modules,
and while pipelining the modules was not difficult, tracking the pipeline delays that
accumulated required more attention than anticipated. To assist in calculating the delays
involved in various paths through the image processing subsystems and then
determining by how much the VGA timing signals would need to be delayed to be in sync
with the output pixels, we parametrized the timing delays. An included parameter file
then specified the delays of each pipelined module and calculated total subsystem delays

as well as the maximum possible delay. This approach resolved timing and sync issues.
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1 Design Decisions

The first main design decision that we took into consideration was whether to use the
Nexys4 or the Labkit. We originally wanted to use the Nexys4 because (1) it was a newer
FPGA that interfaced with the Vivado Design Suite, (2) it was portable and had many
more switches, (3) it had significantly more block RAM, and (4) it could easily interface
with an SD card onto which we could save various background images for usage in our
system. After about one week into working with the Nexys4, we ran into issues with the
DRAM and camera interfaces, and felt that the lack of documentation for both the DRAM
and the Nexys4-compatible camera would potentially become an issue. For these reasons,
along with the suggestions from the lab staff, we switched over to the Labkit. While it did
not have the some of the conveniences offered by the Nexys4, we were able to benefit from

the previous documentation, staff code, and general familiarity of the Labkit.

Another aspect of our design that we discussed when defining the scope of our project was
the image data transfer from the labkit to the PC. We considered using Ethernet because
of the fast transfer speeds it offered but also understood that implementing an Ethernet
interface on the FPGA would involve interconnecting various cores, which could result in
far too much time debugging than would be necessary for a project where data transfer
was not the entire focus. We then settled on transferring data over UART due to its
simplicity and ease of implementation. In regards to the transferred data itself, we
discussed sending data in compressed (JPEG) or uncompressed bitmap format; after
researching JPEG compression, we realized that the compression algorithm was quite
complex and that trying to implement it on the FPGA along with all of our other goals
was simply too ambitious. We reasoned that for demonstrating the functionality of our

project, transferring the image as a simple uncompressed bitmap file would be enough.

We also initially planned to have custom text be sent over UART, but we decided that it
would instead be much more user friendly to use a PS/2 keyboard directly connected to
the FPGA. As opposed to the user having to run more code on their PC machine and then
wait for text characters to be transferred to the FPGA, they could simply type out what
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they wanted onto the keyboard and hit a designated button on the Labkit. In addition,
we felt that this added another layer of complexity (and perhaps excitement) to our

project by introducing yet another form of user input.
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8 Reflections
Lorenzo’s Experience

This has been a wonderful experience for me. Though there was a ton of hard work and a
lot hours put it, I feel that every second was worth it. It was great to see the final project
working and to see the background images load on the screen. It was frustrating at times
dealing with the complicated nature of some of the memory systems, such as timing and
forecasting with ZBT and Flash in general, but I learned a lot in the process, and now
that I am done and looking back, I am very happy that I worked with them. I developed
important skills for interfacing with complicated system that are best abstracted to black
boxes. For example, after understanding the complicated state machine for Flash, it was
only relevant that I manipulate and understand a small number of the total signals. I
wish that I had made certain assumptions and realizations earlier, like the bug in the
Flash code, but overall I am very happy with how the project when and I am proud of how

much I learned and accomplished.

Diana’s Experience

I found this project to be an enjoyable and very educational experience. Coming into the
class, I wanted to gain experience in designing digital systems with a video or image

input; this factored greatly in me wanting to work on the image processing subsystem.

While working on this project, I gained skills in modularizing and pipelining designs, as

well as recognizing where a modular approach is needed or when pipelining is necessary.
I also realized how important it is to both comment Verilog implementations of pipelined
systems and keep track of how pipelining affects timing/syncing of output signals. These

skills proved critical to designing and debugging the image processing subsystem.

On a more specific note, I learned about color spaces and the various conversions between
them, as well as the attributes that make each of them more suitable for different

applications. This project also introduced me to 2D convolution and two filters widely
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used in image processing: Gaussian blur and the Sobel operator. Implementing those on

the FPGA and seeing them in action was a particularly rewarding experience.

Due to the difficulty of simulating camera input (and visualising it in simulation), most of
my debugging was done through generating bitfiles and observing the VGA display
during system operation. I did, however, have a chance to use ModelSim for simulating
several of the filter and color conversion modules. I also became more familiar with the
ISE software and the Core Generator. In retrospect, I wish I had also gained some

experience using the logic analyzer, given how useful it can be in debugging.

Overall, this project gave me valuable hands-on experience in building and integrating a
complex small-scale digital system with various subsystems. I am very pleased with how
the project turned out and with the technical goals that it achieved. I am proud to have

participated and contributed to its success.
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9 Conclusion

Overall this has been a very successful project. In addition to completing all of out
baseline and expected goals to obtain a functioning project, we were able to complete two

of our stretch goals.

There we three main things that contributed to our success on the project. First was the
very modular approach to our system design. As opposed to having a lot of logic in the top
file, we created modules whenever possible and instantiated them in the main file.
Second was our clear divide between tasks. By very explicitly separating the parts of this
project, for example, image processing vs sprite generation; transfer from FPGA to PC vs.
transfer from PC to FPGA; internal memory vs external memory, we were able to divide
and conquer. We each became an expert on what we did and then brought the other
person up to speed when necessary. That last and most important thing that contributed
to our success was the large amounts of time we spent in lab. Whenever possible, we were
in lab. We started early and we worked hard the entire project period. Without putting in

the time that we did, it would have been impossible to complete this project.

For those considering projects like this one, or for any student in future semesters of
6.111, we recommend heavily that you start early. A project falls behind “one day at a
time” and starting early gives you a better idea of how long the project may actually take.
Project ideas can sometimes appear simple on paper, but they may turn out to be more
complex once implementation begins. In addition to providing yourself extra time if
things go wrong, which they occasionally do, starting early also can potentially give you
additional time at the end to implement stretch goals or simply just have some time to

play with the project that you worked so hard to create.

Another tip that we highly recommend is to draw a very detailed block diagram. While
block diagrams are very useful in explaining to others how your project works, it is even
more beneficial to you. By actually laying out in explicit detail how your design works,
you are better able the spot potential problems and understand the system that you are

trying to create.
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Lastly, don’t hesitate to make major changes early on. This was something that we had to
do when we switched from the Nexys4 to the Labkit. Once the decision is made, however,

stick with it. Don’t continue going back and forth because time will be wasted that could

have instead been spent on making progress.
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Appendix | - System Usage

Description of User Inputs

switch[7] sw_ntsc displays camera input frame on screen
switch[6] enhance en enables saturation / brightness adjustment
switch[5] filters en enables application of filter effects
switch([4] text en enables text overlay over image
switch[3] graphics_en enables graphics overlay over image
switch[2] move sw enables text (low) and graphics (high) movement
switch[1l] | custom text en | enables custom text input and generation
switch[0] store bram initiates BRAM FSM that stores image copy
up adjust thresholds increase saturation move text/graphics
down adjust thresholds decrease saturation move text/graphics
left adjust thresholds decrease brightness move text/graphics
right adjust thresholds increase brightness move text/graphics
enter transition to transition to process custom text
COLOR_EDITS ADD EDITS
selectO select Paris bkgd select sepia filter select mustache
selectl select Rome bkgd select negative filter select sunglasses
select2 select Amazon bkdg select sketch filter select safari hat
select3 select London bkgd select cartoon filter select crown
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Hex Display Information

fsm_state[2:0]

INFORMATION SHOWN ON HEX DISPLAY

FSM IDLE | F [ no other additional information
SEL BKGD | D | hue, saturation, and value thresholds for chroma-keying
COLORS_EDITS | C [ saturation and brightness offsets for image enhancement
ADD EDITS | A | x- and y- coordinates of top left corner of text & graphics
SAVE TO BRAM | B | no other additional information
SEND TO PC | E | total number of RGB values transferred to PC

The hex nibbles A-F denoting the main FSM state are displayed as the leftmost bits on

the hex display (hex_disp[63:60]) during system operation.

LED Display Information

The LED display provides information on the BRAM state as well as the 2-bit numerical

values corresponding to the user’s background, filter, and graphic selections.

Instructions for Using the System

1. Turn off all switches to return the system to IDLE state.

2. Make sure that the NTSC is connected to power as well as the Labkit.

3. Stand in front of a green screen facing the camera. Flip the sw_ntsc switch to

begin. A static frame from the camera feed will be shown on the VGA display.

4. The system is currently in the SEL_BKGD state. You may now adjust the

chroma-key detection thresholds by using the directional buttons (as described in

Section 4.5 - Chroma-Key Compositing). You may also select a background using

the four selector buttons. Press the enter button to transition to the next state.
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5. The system is currently in the COLOR_EDITS state. You may now enable image
enhancement by flipping the enhance en switch on; when image enhancement is
enabled, you may use the directional buttons to adjust the saturation and
brightness of the displayed image. You may also enable filter effects by flipping
the filters en switch on; doing so allows you to choose various filter effects
using the selector buttons. You may disable image enhancement and filter effects
at any time by flipping their respective switches off. Press the enter button to
transition.

6. The system is currently in the ADD EDITS state. You may now enable text overlay
by flipping the text en switch on; doing so will immediately display the default
“GREETINGS FROM ___” message. After enabling text overlay, you are able to

move the text around the display as long as the move en switch is off. You may
also write your own custom message; to do so, flip the custom text en switch on
and type a short message on a PS/2 keyboard that is connected to the Labkit.
Press the enter button to have the system process your keyboard input and
display it on the screen. You may flip the custom text en switch off to return to
the default greetings message. In this state, you may also enable graphics overlay
by flipping the graphics en switch on; doing so allows you to display one of four
graphics. Graphics can be selected using the selector buttons; they can be moved
using the directional buttons when the move en switched is flipped on. When you
are satisfied with your edited image, flip the store bram switch to save to BRAM.

7. The system is currently in the SAVE TO BRAM state. What is being displayed on
the screen is the data that has been stored in and is now being read out of BRAM.
The image will be in 8-bit color and will look cropped on the bottom. You may now
begin to transfer this image to a PC. To do so, save the save bmp.sh,
uart rx.py, and bin2bmp. c files in the same directory. Run save bmp.shin a
Terminal and wait until “Ready to receive data...” is displayed; then press the
enter button on the Labkit to initiate data transfer.

8. The system is currently in the SEND TO PC state. After all image data has been
transferred, a bitmap file will be generated and saved as pic_out.bmp in the

same directory on the PC as the shell script that you just ran.
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Appendix Il - PC Code

e JPEG to COE Conversion in MATLAB (JPEGtoCOE.m) - Lorenzo

e Python COE Parser (converter.py) - Lorenzo

e Python UART/USB TX [output to FTDI chip] (seriall.py) - Lorenzo
e Python UART/USB RX [input from Teensy| (uart rx.py) - Diana

e Bitmap Generation in C (bin2bmp.c) - Diana

e Shell Script (save bmp. sh) - Diana



JPEGtoCOE.m Page

gfunction img2 = IMG2coe8(imgfile, outfile)

$ imgfile = input .jpg file
8§ outfile = output .coe file
$ Example:

$http://www.lbebooks.com/downloads/exportal/vhdl nexys example24.pdf
$ img2 = IMG2coe8( 'paris240x160.jpg', 'paris240x160.coe');

img = imread( 'paris640x480.jpg');

height = size(img, 1);

width = size(img, 2);

s = fopen('paris.coe','wb'); $%opens the output file
fprintf(s, '%s\n','; VGA Memory Map ');

fprintf(s, '%s\n','; .COE file with hex coefficients ');
fprintf (s, Height: %d, Width: %d\n\n', height, width);

00 ~e

fprintf(s, '$s\n', 'memory initialization radix=16;"');
fprintf(s, '%s\n', 'memory initialization vector=');
cnt = 05
$img2 = img;
for r=1:height
for c=1:width

cnt = cnt + 1;

R = %mg(rlcl )
G = %mg(rlcl )i

= img(r,c,3);

O

= dec2bin(R,8);
Gb = dec2bin(G,8);
= dec2bin(B,8);

w
o
|

B img2(r,c,1) = bin2dec([Rb(1:5) '000']);

3 img2(r,c,2) = bin2dec([Gb(1:6) '00']);

8 img2(r,c,3) = bin2dec([Bb(1l:5) '000']);
Outbyte = [Rb(1:5) Gb(1:6) Bb(1l:5)];
fprintf(s,Outbyte);

8 if (Outbyte(l:4) == '0000")

g fprintf(s, '0%8X',bin2dec(Outbhyte));

& else

2 fprintf(s, '$X',bin2dec(Outbhyte));

g end

g if ((c == width) && (r == height))

g fprintf(s, '8c’', ';"');

8 else

8 if (mod(cnt,32) == 0)

g fprintf(s, '¢c\n', "', ");

8 else

g fprintf(s, '8c’', ', ");

2 end

g end

end
end

fclose(s);



converter.py

f

open( 'london.coe’',

r')

y =open( 'londond hex.txt',6 'w')
final=""
for line in f:

newone="
counter=
sub=""
inter=
inter2=

for letter in line:
#print letter

counter+=
sub+=letter
if counter==4:
#print sub
if sub=='0000":
sub="0"
if sub=='0001":
sub="1"
if sub=='0010":
sub="2"
if sub=='0011":
sub="3"
if sub=='0100":
sub="4"
if sub=='0101":
sub="5"
if sub=='0110":
sub="6"
if sub=='0111":
sub="7"
if sub=='1000":
sub="8"
if sub=='1001":
sub="9"
if sub=='1010":
sub="A"
if sub=='1011":
sub="B"
if sub=='1100":
sub="C"
if sub=='1101":
sub="D"
if sub=='1110":
sub="E"
if sub=="'1111":
sub="F"
#print sub
inter+=
if inter==2:
sub=sub+' '
inter=
inter2+=
if inter2==4:
inter2=
sub=sub+'\n'
counter=
final+=sub
sub=""

y.write(final)

Page 1
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import serial
import sys
import glob

def serial ports():
if sys.platform.startswith( 'win'):
ports = ['COM%s' % (i + 1) for i in list(range( )) 1]
elif sys.platform.startswith('linux') or sys.platform.startswith('cygwin'):
# this excludes your current terminal "/dev/tty"
ports = glob.glob('/dev/tty[A€&aéz]*")
elif sys.platform.startswith( 'darwin'):
ports = glob.glob('/dev/tty.*")
else:
raise EnvironmentError (' Unsupported platform')
print(ports)
result = []
return ports

ports = serial ports() #generate list of currently connected serial ports
print (ports)

print("Might need to change the number in code based on what gets printed out")
ser = ports[l]

s = serial.Serial(ser)

print(s)

#f = open('./test.bit', 'rb’)

#command=b"\x39"

f=open('londond hex.txt',6'r'")

for byteinline in f:
command = byteinline
command=bytearray.fromhex (command)
s.write(command)

s.close()



uart_rx.py Page 1
"#$%&H () #*+,-.)

1/01222/3()45/6&.789,/ €36:;/64%%*.&,
1/<(4)4/=>?/@/ABC/01222/@/3455/DE20

I"HE%6& ()% I+, '&I")
06$" N 1"HS%E "0

1/<8%9&(*,(.)FI%8&(45/GH/I/I&(,8/,..$,*$,/>(58
I/B)*$, F/OKELKEELM/'+,8%N/9.8&8%*)O()P/,./DK é(,/G:QIOKELKEE/(R4P8
1IS$,*$,F/'()4&+/>(58/%,.&()P/,-8/&898(T80/G:Q/T45$8%

1/6;G;AUCUGV
0%'1'()%"*+23)%!*+45
1968&1*.&,/W/X#O8TH#,,+YVQEX
1%68&1*.&,/WIX#O8TH#,,+YVQZX
1%8&1*.&,/W/X#O8T#,,+VDX

0%2#8%&'1'  678)97:/2/(;()%!*+ &=>?@ABC6

()%2;*/8%*&)' 1" ==DE >

()%2;F&)(1G)'1'()%!*+2HIJKLBIL3""""" N$R'8&/.>/'(,%/*8&/"+,8%
(%24 %1&F"1'()%!*+2M<NILOPQRQH"""""" 1068, /*4&(,+/9-89?F/)./*4&(, +
()%2(&$#:1&('1'()%!*+23LRMBIL3PLSR ™" NSR'8&/.>/%, */'(,%
(0%2&IM$/&TT ~ QET) 1'5.92/&840

1968&1,(R8.$, /WM. é5.92/8840

198&1,(R8.$,/WIDIINITTIITTIIIIIIN(RS.$,/'5.92/8&840
0%2USTUS--'1"  V*+()
(0%2%&(&(L  V*+()
()%28(%88%'1" V*+()
()%2W%!&)LI"$/&'1"

10(%4'58/%.>,J4&8/>5.3/9.),8.5
10(%4'58/-4&0J4&8/[GCVHACV]/>5.3/9.),&.
10(%4'58/-480J4&8/[<VG#<CG]/>5.J/9. ),
1,(R8.$,/>.8/&(,8

U111 %%('58/,(R8.$,/ TA5$8%F
I1121/7.)8F/J4(,/>.&8T8&N/'5.92/9455

/IDL/EF).) @5.9?()P/R.O8N/&8,$&)/(RR80O(4,85+
IIIMLILN/LI (%! (PP8&/,-4)/EN/>5.4,/455.J80N/,(R8.$,/'5.92/9455

F&)P-1-$'1'./))4"*U(1G)1 5

try X'

"'()%2 $#)T 45

except ' Exception )X

" H%IT& 6H%%$% ' SH)TITY'()%!*+'#3%&X'6  'Z' (&%64)5
"MUI&45

if '()%2!(R#)T45X

' #%'T&46N)*8F'&$'%):)!9)'8*&*2226 5
""" F&)P:$/T&)%'1’

1/8)_$858/0KELKEELM/+,8%/(),./>(>.
" while F&)P:$T&)%T X
""""" [F&)'1'()%2%)*845
""""" [F&)P-1-$2#/&4;F&)5
""""" F&)P:$IT&)%' 1 F&)P:$/T&)%'Z'
"""" H961T &4 F&)P:$IT&)%5

™ 1O8_$8$8/>& R/>(>./4)01J&(,8/, /$*$ />(58
" p$/&l $T 4_B*&I2IT_ B

" Cwhile ' not ;F&)P-1-$2)"#&F45X

"""" -P$/&2W%!&)4;F&)P-1-$2Y)&455
"_P$/&2:+$()45

"UI&45

else X
#%!T&' 6HNNRNX"*TT$&'$#)T'() %! *+'#$%&6
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!
HHIEHSYR' (&) + H+- 1) O*HSYo8HYo+1%2"

HHH3]20)/$40% #./05H#68 7+-*0'H#

HHHHBO& ) 1504, 8<H#=>>=#?+)[#@+)#A5+)/B+T74%-/'(+70*(5™*, 4C

HHHHDS/2#8)91) +YoH 2HE ) *#2OE Q. +)*FH: O4H(+-#)* /20)/$A0*#/0#-+- 19)#%9 /E:
HHHHI0#A- ¥V HOSH0*) Y 2HOEHOSHG @ HHG*-*)+ THIAST/(HII(*- 2+ 2H&ASTI25* #$:
HHHHOS*HK)**#L OE 0. +)*#K 94- +0/9-F#*/05*)#M*) 2/9-#=HOEHOS*#J/ (*-2*N#9)
HH+ 01 94)HO&O/Q-<#+-#T+0*)#M*)2/9-

HHHHDS/2#8)91)+%#/2#,120)/$40* #]-#O5#598*#05+0#/0#./ T THS*#42*EATN
HH#$A0#OPD?QHD#R @ SH#ORTTR@DSF#./059404#*M*-#05*#/%&7/* #.+))+-0:#9E
####UVT8?R@DRWPJIPDS#9)#KPD@VLL#KQT#R#IRTDPSHIRTHIHTIQLV ##L**#05*
HHHHG @HHG*-*)+ THIASTI(#I (-2 HEQ)HY69) #, *0+/72'

HHEHSOAH25947 #5+M*#)* (*IM* #+#(9& #IEHOS*#C @HHG*-*)+7T#14S7/(#I/(*-2*

#H#HE+T79-1#./05#05/2#&)91) +%F#/E#-90N#.)/0*#09#05*#K)**#L9EQ. +)*

#HHK94- +0/9-N#P-('NAXY#D*% & 7*#17+(*N#L4A/0*#ZZ>N#W9209-N#UR##>=[[[ qZ>HH#HLR
!

I"#$%6&'()  *+,"-./0
"H$%&()  *+.'%"1./0
I"H$06&'()  *+,2"#3./0

struct  )4567(8'(2

9

) char )li<=(> ~@A))))))) !"#WUJ#"

)))) int )L:B"CA)))) "HLINHOEHET*#/-#$:.0% 24"

)))) int )1:D(+(2E('A))))))) I"#2*0#09#>#"

) int )L:F:4" +A)))))) I"#W:0*#OEE2*0#09#+(04+7#$/0%+8&#,+0+#;_ #X <#"|

)))) int )1"B"CA)N))) "#LIMHIEH#WPDURIP@KQ?VRIVTN#H/-#$:0%2#;_# ><#"l
)))) int Y1I"G™/AN))) I"#O/ , 05#9E#/%+1*N#/-#&/a* 7 2#"]

D)) int )1"7("3L,A)NHN))) I"#7%/1 50HOEH#/%+1*2N#/-#8&/a* T2#")

)))) short )1’ 6%8#(+A))))))) I"#@A4%S$*)HOEHE T +-*2#/-#0+) 1*0#,*M/ (*#; 2*0#09#[<#"!
)))) short )1"4" H-&#,A))))) "HW/02#&*VH&/a* TH#;="#/-#O5/2#(+2*<#"|

) int )1"H-|:2(++"-#A)))) I"#D:&*HIEH(9%&)*22/9-#;>H#/EH#-9#(9%&)*22/9-<#"|

)))) int )1"B"C(JI83(A)))))) "H#PY%+1 42/ N#/-#$:0%2#; >HIEH#-O#(9%&)*22/9-<#"]

)))) int )1"K6(%+6(25(,(2A)) I"HT*29740/9-#/-#&/a*721%*0*)#HOEH,/2& 7 +:# *M/ (*#"!

)))) int )1"L6(%+6(25(,(2A)) I"#T*29740/9-#/-#&/a*721%*0*)#IEH,/2& T +:#,*M/ (*#"|

)))) int )1"H%2M+('A)))))))) I"#@A4%S$*)HOEH(979)2#/-#05*#(979)#HO+$7*#;/EH>NHA2*#
HHHHHHHHHHHHHHH Y0+ 2l Y 4%#+ 779 .* #$:#$/W/0894-0<#"|

) int )1"H%2JI=-2,8#,A))) I"#@4%$*)H#OEH/%&9)0+-04#(979) 2 HHPEH>N#+T7T7#(979)2#
HHHEHHHE R ) *#1%&9) 0+-0#"]

NA

int

2(8'0O1lI=P const )char )Q:"%#8I(R) int )QS"™,/R) int )Q/("3/,R) unsigned ) char )Q231T
9

)))):=2"#,:P R) UB-22<R)2(8"#3)-:).11=):"%(+)"+#V,)+&==-2,()<(,. WHITA
) return PXTA

N

int

QZ",)(OM:P const ) char )Q:"%(#8I(R) int )S"™,/R) int )/("3/,R) char )Q231T
))) int )'R)YR)"'=-+A

))) int )1<,(+6(2Z"#(A

))) unsigned ) char )Q%"#(A

))

FILE )Q:"%(A
)))) struct )4567(8'(2)11=/A

)))) "#DS5*#7*-105#9E#*+(5#7/-*#%A20#$* #+#%470/& T*H#IEH #$:0*2#"

M)L<,(+6(2Z"#(DP )Q)PS™.N)) ) DQ A
N)+,2$=<P1l=/.1;;<=(R) U45UTA
L= 1:F:4" +)]) A

W)1I=/.1:B"CODLI=/.1:F::4" +)])1< (+6(2Z"#0)Q)/("3/,A
))11=/.1:D(+(2E("))

)11=/.1"B"C()])

)LI=/.1"G" N)S™ A

)
)
WILI=L.1"7("31)DIC"31,A

—
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HN"#$%&™ ()*+,-1.! 0

N"#$%&™"1'2345+2!.1 0

NN"#$%& " 34#$8,--'4+!.! 0
"H$0&™:";, <#*=,1.1">2 -(,87'+,!@!%,'=%20
H"#3$%&™A(,)-(,88B,2,8!.! 0
IM"#$%&"C(,)-(,8B,2,8!.! 0
M"#$%¢&"3)8D-,E!.! o

HN"#$%& " 3)8<#$482*+2!.! 0!
IEY),LIF4$,+IGF),+*#,H! 1J" KO

mr it 1IGF),L.! K!return G2KO

I

INNEFJ8'2, GM"#$%&"FN>$,H! H!/ HIF"),KO0
NMFJ8'2, GM"#$%&"F:";,H! H!/ HIF'),KO
NFJ8'2, GM"#$%&"FO,-,8P,EH! H!/ HIF"),KO0
FJ8'2,GM"#$%&"FQFF1'2-H! H!/ H!'F"),KO0
NFJ8'2, GM"#$%&™:";,H! H!/ HIF"),KO0
NFJ8'2, GM"#$%&"'R'E2%H! H!/ HIF"),KO0
HIFJ8'2,GM"#$%8&"'S,'=%2H! H!/ H!'F"),KO
FJ8'2,GM"#$%&" ()*+,-H! H!/ HIF'),KO
INFJ8'2, GM"#$%&"1'2345+2H! H!/ HIF"),KO0
INFJ8'2, GM"#$%& " 34#%$8,--'4+H! H!/ H!'F"),KO0
NMEJ8'2, GM"#$%&™:"; ,<#*=,H! H!/ HIF"),KO0
IMFJ8'2,GM"#$%&"A(,)-(,8B,2,8H! H!/ HIF"),KO0
IMFJ8'2,GM"#$%&"C(,)-(,8B,2,8H! H!/ H!'F"),KO
FJ8'2,GM"#3$%¢&"3)8D-,EH! H!/ HIF"),KO0
IMFJ8'2,GM"#$%& " 3)8<#$482*+2H! H!/ HIF"),KO0
Il

NN+ 1LI#9)4TG">2,-(,8?'+,K0

meif 1G)'+,1.! K

nuy

HINMNFE$8'+2FG H! I3*+V21%))4T*2,1# #48>1F48!1B(!F"),& W+ KO
i return GIKO

X

i for 1G'.1%,'=%?2! a/onMy.l or e«

nuy

i for 1GZ!.! 0!ZI['\J'E2%0!Z\\K

iy

nrg4-1. I@'GJE2%!@!"\IZKO
I+ A @Z_1.18="N$4-\I 0
I+ A @ZV 1.18="N$4-1\! /0
NI+ A @Z\_1.18=""$4- 0 N
X

MNEJ8'2,G)'+,H!">2,-(,8?'+,H! HIF",KO0
X

NE8,,G)'+,K0

INFT)4-.GF'),KO

mr return G KO

"#$%&&EH ()*+#,-./012# &#',34#,*556.-2#"
UH#7 (*)*#8.9:#,#<=>H#SU &&&EH  #*++#? D &$H'"!

I"#A0*B5#()6C2#9(+0#*)B#5*DO5#1.) 20) 25#+5#*#52- () EA"]
I"#ECEC25#B*24#()#52.-0B#52- () E#*5#4#G (2H*6#9(+0#"]

int #*'+IGK!

)

Il FILE '@!F$0

Il char !@!-458T,0

IF$LIF4A$,+G [E*2*&™+1  H!I8"l KO
11-458T,1.! 0

Iif IGF$!".! Kl

nu

i I"#3.#2 .#0)B#.9#9(+0#"!

N if IGF-,,aGF$H! H! Kt..! K
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TR

i /* Determine size of file buffer */

I long #$%&'()*1%+),,-%./0

i if -#$%&'()!1! /1.3'4+%-  564.5+1%')!&'()7! 8,9 #:+)& ;4 5<I#$%&'()/0
i /* Allocate memory for buffer */

MnmNg=$3>)*17@,,=>- sizeof - char /'Al-#$%&'()!B! /10

i /* Go to beginning of file */

i if 1-%&))D-%.<! <l 1> /

e

NN /* Read file into buffer */

i size_t 14$?H),)?!*1%3)@9-&=$3>)<! sizeof - char /<I#$%8&'()<!%./0
i if 1-4$7H),)?!11! /M

I, 3'44%5- 5J$7#)31=%!),)?)4+&!3)@97! 8(9:4 5<14$?H),)2/011I!
g =$3>)KBB4$?H),)?L!*! M;2MO! /* Terminate string */
MmN

MmN

NN

IIN

11%>,=&)-%./0! /* Close file */
1l

I const ! char |AI%',)4@7?)0

I int #?.HO'9+P0O

I int #?.HP)'QP+0

%' )A@7?)!*! 5'>H=$+R#?.5 0! /* 640x400 bmp image */
#?2.HO'9+P!*! 0

4?2 HP)' QP+!*! 0

HO3+)H#?.-%',)4@?)<!#?.HO'9+P<#2.HP)' QP +<!&=$3>)/0
11.34+%- 5U+?@.1%')!&@V)9RIFW'+4QRRR ;4 5/0

11%3))-&=$3>)/0! /* Free allocated memory */

Il return -2/0
N
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#!/bin/bash
echo "Connecting..."
python uart_rx.py

gcc —o bin2bmp bin2bmp.c
echo "Creating bitmap...'
./bin2bmp



43

Appendix Ill - Verilog Source Files

e bram ifc.v ® ntsc2zbt.v

® cartoon.v ® param.v

e chroma key.v e pixel out.v

e custom text.v e ps2 kbd.v

e debounce.v e ramclock.v

e display l6hex.v e rgb2hsv.v

® edge det.v ® sepia.v

e enhance.v e sepia tb.v

o filters.v e sobel op.v

e flash int.v e test fsm.v

e flash manager.v e text gen.v

e flashreader.v e uart tx.v

e flash write.v e usb input.v

® gaussian.v e video decoder.v
e graphics gen.v e vram display.v
® grayscale.v e vram flash img.v
e hsv2rgb.v ® xXvga.v

e invert.v e vycrcb2rgb.v

e line buf.v e zbt 6111.v

e main fsm.v e zbt 6111 sample.v
e mover.v e labkit.ucf
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“timescale 1lns / lps

L1177 777 77777777 7SS S S
// Company:

// Engineer: Diana Wofk

// Create Date:

// Design Name:

// Module Name: frame bram ifc

// Project Name:

// Target Devices:

// Tool versions:

// Description: Module interfacing with BRAM IP. Stores what is currently being

// displayed via VGA into BRAM; can only store 600%400 bytes. Only
// 600x400 8-bit RGB values are saved of the 640x480 24-bit image.
// A user input switch enables writing to BRAM; data is read out
// automatically after it a frame/image has been fully written.

// Turning switch off resets BRAM FSM and allows stored data to be
// over-written with new data the next time the switch is raised.
//

// Dependencies:

//

// Revision:

// Revision 0.01 - File Created

// Additional Comments:

//

L1177 777777777/ S S S S S S S S SSSSSSSSSSSSSSSSSSSSSSS S

module frame bram ifc(
input clk, rst,
input store bram,

input [10:0] hcount,

input [ ] vcount,

input | ] hoffset,

input | ] voffset,

input [17:0] tx_counter, // read address when transmitting stored data to PC
input in display,

input [ ] pixel out, // pixel displayed via VGA

input | ] fsm_state,

output [7:0] bram dout,

output [1:0] bram state

)i
“include "param.v"

reg [1:0] state g
assign bram state

.
4

state_qg;

// edge detection on store bram switch
reg store_bram _d_g; // delayed store bram signal
always @(posedge clk) store bram d g <= store_ bram;

wire bram sw_rising = !store_bram d g && store_bram;
wire bram sw falling = store bram d g && !store bram;

// read and write addresses
reg [17:0] write counter g = 0;
reg [17:0] read counter g = 0;

// control signals for progressing through BRAM FSM states
wire frame loaded = (write counter g == ); // 600%400 = 256000
wire at_origin = (hcount==hoffset) && (vcount==voffset);

// BRAM signal declarations
wire [7:0] frame bram din;
wire [17:0] frame bram addr;
wire frame bram wea;

bram ip frame bram(clk, frame bram din, frame bram addr, frame bram wea, bram dout

) ;

// inputs to BRAM instantiation
assign frame bram din = {pixel out[23:21],pixel out[15:13],pixel out[7:6]};
// 8-bit color
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assign frame_bram_wea = (state q == F &&in_display && ! frame_loaded ;
assign frame_bram_addr = (fsm_state == U ? tx_counter

(state. g == ¥ ? write_counter_q :

(state g == )= ? read_counter_q . 0;

always @(osedge clk ) begin
case (state_q )

begin

write_counter_q <= 0;

read_counter_q <= 0;

state_q <= (bram_sw_rising ) ? : :
end

= state_g <= (at_origin ) ? :
"#$%&%'("&) "*+(%"#,%&%'("-,$.+"%'&)"/0123"*+(%"'#,%&%'("#4+
"4567)8'&".$&74
1")--9+&9:"%;+;"#4+"<%=+>?)8&"7),,+9<) @9"&) "&4+"-%,9&"A&)<"
>+-&B"<%=+>")-"-$.+

begin
if (frame_bram_wea ) write_counter_q <= write_counter_q + ;
state_q <= (frame_loaded ) ? : E
end
begin

11"7)'&%'8)89>C",+$@")8&"-,)."/012"$' @")8&<8&"9&),+@" @ $&$"#4
+"%"&4+"DEF=EGF"@%9<>$C"$,+$

if (in_display ) read_counter _q <= (read_counter_g ==

) ? . read_counter q + ;

state_q <= (bram_sw_falling ) ? : ;
end
endcase
end

endmodule
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"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

11"#/.'4."0'4 *"""56*78*78"59!:919:5:"
m"0.<-,("='%.*"
I">$?7@A."='%.*"B'/4$$(C2-A4./"
II"D/$E.B4"="06.*"

n"F'/,.4"0.G-B.<*"
I"FSSAG./<-$(<*"

Page 1

11"0.<B/-&4-$(*"H%&A.%.(4<""<3.4BI".22.B4"<"J. AA"<""B'/4$$(".22.BAK"F'3.<"L$4I

). (BSYL-(.2")-A'LA@I.?'B
10.8.(2.(B-<
1

I"N.G-<-$(*"

"N G-<-$(":K:5" ET-A"#].4.2
1"S??-4-$(A"H#$%6%. (4<*"

I

module *(/"00, 1
A% nput *)2  3%/&" 3

d_-4"NOP"B$AS/"'(?",/)<B'A."'<"-(&@4K"D/$B.<<.<",[)<B'A.
L (&@4"I-41"TQT7'REL.A'S&./'4$/'4$"?.4.B4" . ?, <K"S&&A-.<"TQT7"O'@<<-'(
llllllllll3 /( AII4$II4I llB$A$/IINOPII (&@4II4$IIB/ I4 Illll<A I4llLA@/Kll+9 "

IIIIIIIIII7 4 B4 $(Il&/$f>@B <IIIII<3 4BIII 22 B4II$(II 4<II$‘](III(I>IIIIIB /4$$(ll 22 B4

4 -4"B$AS/K'IM  E.-4"NOP"&-Q.A"$@4&@4K

MIND*&0>%)?)#,%72>0L 12 3*&" 3*=>?=/(@ 3*(5 3*(+ 3*(A 3*(< 3*#H 3*B 3*( 3*J 3*

= input *4+5657*8'09," 3
woinput *4: 657%'09," 3

= input *4<6574=>7=/(@ 3

= input *4ABB57H=>7#, 3

R OUIDUL * 4ABB5TH=>P9C=%3"  11'<3.4B|"2-A4.I".22.B4
R OUpUL * 4ABB57X/=>7'(/"00,* I"B'/4$$("2-A4.I".22.B4
*%* DE

*%

= 1#99C% * F.(($G;F

*%*

w5

** 1I"RUP+V"+00+"0+F+#FHU=

5

*%

** wire *4<657%(5 3*(+ 3*(A 3*(< 3*#H 3*(B 3*(1 3*(J 3*(K E
*Y# 062>9L*

(KDE

** wire *4+1657*=/(C#%,"
**&0>%)?0.*&0>%)?0.+
*%

E

** wire *#H%)?%C=%3*(/"00,7%C=% E
**0HC=%?C%"*%C=%?C%1H2 3*/&" 3*=/(C#%,"

o T

** 1I"OSWRRHS="PVWN

o T

*%

** wire *4A657*(5 3%+ 3*(Al 3*(</ 3*#H?/ 3*(BI
o 07>0L%  MIBDF=(98&?/?>9L 1')2 3%/&" 3*/=>7%#,
*(il 3% 3*(K/ DE

* \ire *AAB57*(5= 3*(+= 3*(A= 3*(<= 3*#H?= 3*(B=
o 06750L%  MIBDF=(9&&?=7>0L 1')2 3%/&" 3*/=>7%#,
*(I= 3*J= 3*(K= DE

¥ wire *4+657%(5> 3% (+> 3%(A> 3%(<> 3*HH?> 3*(B>
oV 06250L%  MIADF=(9&&?>?>0L 112 3*/&" 3*/=>7H,
I> 3%(J> 3*K> DE

12 3%/&" 3*(5 3*(+ 3*(A 3*(< 3%(B 3*( 3*(J 3*(K 3*=/(C#%.,"

3* #H%)?%C=%3*(/"00,?%C=%

DE

DE

3%/ 3% 3*K/ E
AABBA+T3*(5] 3*(+ 3*Al 3%(</ 3*#H? 3*B/ 3

3%(l= 3*J= 3*(K= E
4+)6+B73%(5= 3*(+= 3*(A= 3*(<= 3*#H?= 3*B= 3

3*(> 3*(J> 3*(K> E
4<6] 73*(5> 3*(+> 3*(A> 3*(<> 3*#H?> 3*(B> 3%(

¥ wire *4<657*=>7=(9&& E*!I"8 d-4"LA@/I.?"NOP"G'A@.

*=(98&H(,*=(98&?>)9/

kkkkkkkkkkkkkkkkkkkkkhkk 5:
***********************(5 >
**

L NN NN AR

12 3%&" 3*(5/ 3*(+ 3*(Al 3%(</ 3*#H?/ 3*B/ 3*(
3*(+= 3*(A= 3*(<= 3*#H?= 3*(B= 3%(I=
3*(+> 3%(A> 3*(<> 3*#H?> 3*(B> 3*(I> 3*(J> 3*(K> 3*/=>?=(9&& DE

3% 3*(K/ 3
3*(J= 3*(K= 3
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I 1H$%"&'()'(
IE P e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e een

I

I 11"%*+,,-."/0*0,"123-*4"5--."60"7-".-*89-."60"7-"25"495/":26;"-.<-".-6-/60,"=0.+*-

>>>

I

Il localparam ! "#$%&&'(B)*(+,- I V/&*0,(+,- 61'0(*23(+,- OH2//1#' (+,- 4

Il reg ! 56789;;<(=>?>:(@; 5"#3%&&'($)*(+.- eA738941 11"4;276"-<246-,"?0,".-*8925<"7*+,,
-"123-*4

Il integer B4

I

N *89"7*+ - "#$%"60"495/":26;"-.<-"123-*"0+61+6
Il always ! COposedge '=?E F! begin

me<(=>?>:.(@; 589! G.I;<(;HIJI 4

- for ! DB. A4!1B GD#$%&& (5)*(+,- F41B . BKAF
He:<(=>?>:.(@; 5B9! G.I;<(=>?>:(@; 5B é794
I end

1

Il wire 1567891;<(=>7>11 (= @; 5"#3%&&'($)*(+.- eA941 11" -*¥89-"T*+,,-."#$%" @8
*+_

Il wire ! 5LM789!:;<(=>?>:(LN<BO! A Pg(E>?>0 567(OROSTHR;<(=>?>:  5N7LIRQOSTER:;<(=>?7>:

789RUST8V4

IIassign Ii<(@T;@! . 'WBX@?(@T;@Y! LNSZ888888! 71 LNSZ3333334
Il assign !;<(=H:0>>[! CI=HO>>[(@T;@! Y! LNSZ888888! 71:;<(=>?>:(LN<BO 4

endmodule

5A
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

"#/.'4."0'4.*""""56*78*9:"55!;;!;85<"
M0.=-,(">'%.*"
"?$@AB.">'%.*"""CD/$%'E3.)"
N"F/$G.C4">'%.*"

11"HY/,,4"0.1-C.=*"
1"HESB"| /=-$(=*"
11"0.=C/-&4-$(*"0.4./%-(.="JD.4D./"AD."KLM"I'BA.="$2"4D."-(&A4"&-N.B"2'BB"-(4$™
!!llIIIIIIllllllllllllllllllll&/. @.2_(.@II/I('.lll(@II-2II:$OII%I/3:II4DI4II&_N.BIII:IIDII_(’II%I4CD.@

4D "CD/$%"'3.)P">$%-(B"KLM"4D/.=DD$B@="1."@.2-(.@"="&1%.4./=O
jprmm QAL 4D] =DD$B@="A=.@"-("C$BS/"@.4.C4-$("C'("Q." @GA=4.@"Q)"A=./P
I

11"0.&.(@.(C-.=*"

I

"R, |-=-$(*"

II"R.|-=-$("8P85" €'S-B."#/.'4.@

II'T @ @-4-$('B"#$%%. (4=""
I

module *'/01$(23%4 5

k- jnput *)3  6*0&" 6

X jnput *784, 6

Rk jnput *89: ; <=*/&72'/02#, 6

R nput *>. 6*?1@, 6*)%A" 6*0#B/" 6

EEnput  *(?C>&"2"/02%, 6** "BB$I="A=./"4$"@GA=4"4D/.=DD$B@=
%k output *8D; <=*0(,B% 6*/2,1$ 6*&2,1$ 6*72,1$ 6

*E% - output *reg *89: ; <=*/&72'/021>" 6
ik gutput *reg */01$(23%42%("/

** EF

**

** |gcalparam * *IN* B

** 1IB$C'B&'/'%"KERT>U+EFVL"W"XY @68Z
** 1IB$C'B&'/'%"KERT>U+E>+U"W"XY @68Z

** |ocalparam * * N F

** 1IB$C'B&'/'%"LERT>U+EFVL"W"XY @68Z
** 1IB$C'B&/'%"LERT>U+E>+U"W"XY@68Z
*%

** |ocalparam * * N* F
** |ocalparam * 2 N F
** |ocalparam * &N F
**

** |ocalparam * FIN* F

*%

** 11"KLM"4D/.=DD$B@="4D'4"C'(""BB"Q. '"@GA 4.@"Q)"A=./
** reg *8D; <=%/2,1$27* N*

** reg * 8D <=*&2,1$27* Nt F

** reg *80; <=*72,1$27* N F

** reg * 80, <=*0(,B%2Z* Nt F*1"AD/.=DD$B@']!  &/(."2$/"K"(@"L
*%

** assign *[ 0(,B% 6*/2,1$ 6*&2,1$ 6*72,1$ \*N¢[ O(,B%2Z 6*/2,1$2Z 6*&2,1$2Z 6*72,1$2Z \F
*%

= 11M6'N"(@"%-("2$/"K

= wire *8D; <=*2$(]* N¥/2,1$2Z "0(B%2Z F

= wire *80; <=*/2$#* N+2,1$2Z €O(,B%2Z F

*%

w5 11M6'N"(@"%-("2$/"L

= wire *8D; <=*&2$(]* N&2,1$2Z "0(,B%2Z F

** wire *8D; <=*&2%#* N&2,1$2Z €0(,B%2Z F

*%*

*% !!n%uNm(@n%_(u2$/nM

= wire *8D; <=*72$(* N¢72,1$2Z ~ F
* \ire *8D; <=*72$#* N72,1$2Z & F
*%

** I"KLM"I'BA.="$2"-(&A4"&-N.B

** wire *8D; <=*/2'/02#,* N*/&72'/02#, 89, + =
¥ wire *8D; <=*&2'102#,*  N*&72'/02#, 8+ O=
**owire *8D; <=*72'102#,*  N+/&72'/02#, 8D; <=F

*%*



chroma_key.v Page 2

I "#$%$&'()$"*+$%+$&",-."/012$3"0&$"()"&0)4$

Ih wire "#$%#&'%()!  *! +"#,"&#$%! -* I"'#.$3% /! 00! +"#,"&#$%! 1*I"#.'2 /3
Il wire 14#$%#&'%()! *! +4#,"&#3$%! -* 14#.9% /! 00! +4#,"&#$%! 1*14#.'2 /3
Il wire '5#$%#&'%()! *! +5#,"&#3$%! -* I5#.3% /! 00! +5#,"&#$%! 1*I5#.2 /3
I wire 1$%#&'%()! *I"#$%#&'%()! 00!4#$%#&'%()! 00!5#5%#&'%() 3

1

I 1"#$%$5%"6011()4"$#4%"76"/38)5

Il reg 1546%,#7 3

Il always ! 8+posedge !,9: /1546%,#7! 1*1546%, 3

1

Il wire 1546%,#;'99%%( 3

Il assign !546%,#;'99%%(  *! +546%,! <** 1546%,#7 /! 00! +546%,! *** | J3
I

Il reg ! ABC@DI546%,#,EF%G)&! *! @B

I

Il always ! 8+posedge 1,9: /! begin
IM"A5#"&H#EFG! 1* 1"AB#,"&#%$% 3

1 "&E.H#)6#.'G,"! 1% 1 +$%#&'%() / | HI =1 CI @B
111

M if 1 +&4G ! begin

III"HOGE 47! 1% 1 3

IAHYE #7! 1% 1 3

IISHY%E #7! 1% 1 3

IIN&%()#7! 1% 1 3

M end!else !if | +546%,#;'99%%(! O00!'UVFAG#G"&#)% /! begin
NMM1546%,#,EF%G)&! 1*1546%,#,EF%G)& W 31 N"07"317*"#7*)"0#923%'$) %" 3: $5#

i if | +546%,# EF%G)&! ** | 11 begin

i if 1+<9);G! 00! <&$("G /! begin 1"5+0)4%$","%+&$3+7 1#
i if 1+FZ! 00! +"#%E.#7! 1! /I "HOEH#T7! 1% I"#H%E.#7 W 3
i if 1 +UE]%!00! +"#%E.#7! -! /| "HOHEH#T! 1% I"HOEHT & 3
i end! else !if 1+9);G! 00! <&$("G /! begin MM 1"5+0)43$"-"%+&$3+7 1#
i if 1+FZ! 00! +4#%E . #7! 1! I VAHYE #7! 1* |4#%E.#7 W 3
i if 1 +UE]%!00! +4#%E.#7! - ! /| VAHNE H#T7! 1% |AHWNEH#T7 & 3
i end! else lif ! +<9);G! 00!&$("G /! begin nin 1"5+0)43$"."%+&$3+7 1#
i if 1+FZ! 00! +5#%E.#7! 1! /I '5HUE.#7! 1* ISH%E.#7 W 3
i if 1 +UE]%!00! +5#%E.#7! - ! /| \SHWE.H#7! 1* \SHWNEH#T & 3
i end! else !if 1+9);G! 00!&$("G /! begin Hnn 1"5+0)4$"%+&$3+71#"&0)4%
i if 1+FZ! 00! +&%()#7! 1! I 1&%O#T! 1% 1&%()H#T W 3
i if | +UE]%!00! +&%()#7! - ! I 1&%OHT! 15 1&W(HT  é 3
i end

i end

m  end

Il end

endmodule
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"#] '4."0'4 *"""56+ 7 T*58"5519:1;:5<"

10, =-, (">'%6.*"

I"2$@AB.">'%. 5" CA=4$%D4.E4"

I"F/$G.C4">'% *"

"HY/,.4"0.1-C =*"

I"H$SB"]./=-$(=*"

11"0.=C/-8&4-$(*"1].("CA=4$%"4.E4"-=" (KB.@L"4J-="%$@AB."4'3.="-("3.)K$/@"@'4'
rm— 60418 = ['=C--D-(&AL" (@"SALEAL=""=4]-(,"CH(4"-(-(,"4d "A=.]

e (4 ) @"CJ['C4.I=M"0.2'AB4"%'E-%A%"=4/-(,"B.(,4J"-=";:M

I

110.&.(@.(C-.=*"

I

"N I-=-$ (<"

I"NL|-=-$(":M:5" €0-B."#.'4.@

"P@@-4-$('B"#$%%. (4=*"
1l

module */&"0$1"%2"*  34parameter * <=>?*4
% jnput *)0'@1=A$BC D*E%&%'D

ik nput *'/&"0$1"%2"1%, D

ik nput *F=G-H*I&$1&"("% D

sk nput *J/"0,1%,"%E D 1"Q@$(.Q"=-,('B
ax I"R)KS$/@"S-,('B=

ik jnput *@%KJO(EL1L)0'@ D

wekinput *@%KJIO(ELLL("( D

ek II"TA4&A4=

w5 output * F VN é-G-H"B(EL(EE(K D
wxk output *B(EL(EE(K1IELK D

*x o gutput * FOCG-H* /$1'B(E

*% ’)P

*%

= 1#YL%  *Q.(E(SRSQ

*%

= I1'R)K$/@"S-,('B=

** wire *FAGHA(&'## P

** wire *B(E1ELK P

*%

** &=1(&'##1#,./"™* @Y KJIO(EL 4
Rk R)0'@1=A$BCH 4N0'@1=A%$BC ?D
*kkk RE%&%"************ 4 E%&%“) D*

*kkk R')O'@************ 4@%KJO(EL1‘)O‘@ ’)D*

*kkkkkkkkkkkkhkkk RL("(************* 4@%KJO(EL1L("( ’)D*

*kkk R(&'##************ 4(&'## ’)D*

wok R(EHHTEY (LK A'B(E1ELK ?

** 2P

*%

** reg *F VN & G>H*B(EL(EE(KLT* <*>P

*%

= 11'=4'4 ="2%$/"3.)K$'/@"-(&A4

** reg *("%."#,U1@JL1#, /"1 T* < P

** reg * E0'%&&H,ULH, ["IT*  <* P

*%

** reg * FOG-H'B(EL"E1T*  <* Per 11U"$2"-B'KB."CJ'/"B.24

** reg * FOG-HE [SLB(ELT* < > Provtincis "U"$2"CI A= T'=" (4.].@

*%

** 11" (KB."3.)K$/@"-(&A4"&/$C.==-(,"VJ.("CA=4$%DA4.E4AD.("-=""== /4.@

o wire *@JIL1#,.["1%,*  <* A1&$L&"("%* <<* P 77%/8&"0$1"%2"1%, P
** 11"CB.["CI"II)"(@"].=.4"C$A4./"VI.('CA=4$%D4.EAD.("-="@.'==./4.@

o wire *E%&Y"I@JILLH, ™ <* 41&$S1&"("%* <<* P+ 77* [ 1&"0$1"%2"1%,
*%

** ISAA&AL"M==- (%.(4=

** assign *B(E1(EE(K* <*B(E1(EE(K1T P

** assign *B(EL(EE(K1ELK* <*E0'%&&#,ULl#,./"1T P
** assign */$1'B(E* <*/$1'B(ELT P

**

** integer *#P

**

** always *\4 posedge *)0'@1=A$BC ?*begin

P
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moif 1 #$%$&'()*+,-.& /! begin

nmo11%-&+,2'()*'+,-.&'3! 451 9
mi-#: 1$%%+ 2'+,-.&'3! 451 9
17 0#'0##0<'3! 451 89

mm1;0#'1&#'3! 451 9

M end!else lif 1" ()*+,-.&'S, / ! begin

mnrif 17).8&&:,'$,&$# /! begin
ninn 18068 (V4" S+, (%-"%6(./0%"8%.+1"$' 2( 0"

HINNO11$-&+,2'()*'+,-.&'3! 45!

#1996+, 2+ -.&'3! 45! 9!!!!! 11"3,((%3*%+"*,"34.&".&&.1"&+1

mim, p'1;0#'3! 45! EL;0#'1&#'3 9

i end! else 1011$-&+,2'()*'+,-.&'3! 45! E-#:1$%%+,2'+,-.&'3 9

i if 1"011$-&+,2'()*'+,-.&'3! FFIL;0#'#*<!  FFI " 1;,0#'1&#'3! A 8// ! begin

i 11"(%5"34.&"/1*%"4.$" /%% ("% (*%&%+"/1"*4%"#$% &

i "$* &%"(%5"/1*%"(".&&.1". (+"+%3&%6%(*"34 &"3#(*%&

N 0#'1&#'3! 4511;0#'1&#'3! d

i n"*4'$".&&.1"$"70' ))%+8"6% ((2"4.*"*4% "7 &$*"#$%&"34.8&.3*%&

i "% (*%&%+"5'00"/%"5& **%(".$"0%7*6,$*"/1*%" (".&&.1

i for 1" +5 9l+ G391+ 5+ &/

i if 1"1:04'1&#'3 55+/ 11;0#'0##0<'3 H"l J" + &//KL | M 4510%1++9

m  end

Il end

I
endmodule
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M T ||
1

/I Pushbutton Debounce Module

1
M T |

module "#$%&'(#! ) *#+#, -1(/ -1'%0+1 -I(#2' 34
M input P#+#, -1/ -1'%0+1 4
- output (#2' 4

Il parameter ! 1! 4
I parameter ! b1 C>4
m reg!D EF>A(%&', 4

M reg IH#l -1(#2" 4

N always !J) posedge !(./ 3

it ) *#+#, 3! begin IH#!! K '0600+1 41(.#2' K; '%60+1 41(%é&',! K;!=>41end

mn o else lif 1)'%0+1! L; IH'#l 3! begin IH#! K;!'"%0+1 4/(%&',! K;!=>4!end
mn o else Vit 1) (%&,! ;; ! 3I(.#2" K; IH#l 4
mmn o else (%&',! K;(%&, M4

endmodule
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" HSY66%6" & ()" *+,-." é 8012"3.456+7"38.918
I

I

11"€, 61:""3.456+7:%#<12$9

1"=4/1:m>7 6@156AB

I

11"C81+/13:")58.6">DE">AA?

" F/<G8:"H+/<+I"JK-14

I

ii"L<.4"MG3F61"38.914"/<1"6+,-./"<12"3.456+74"+I3"4<GN4"/<1"9+6F1"GO"
P, 7/14"Q%#"<12"3.R./4S"GI"/<1"3.456+74%
1l

11">? €@156AB"J-1:"F53+/13"/G"F41"11N"8141/ 6GIK1"4/+/1"M+K<.I1E"81MG91"K61+8
M"A>  HG9AB"J-1:"F53+/13"/G"M+-1"./"KGM561/167"47IK<8GIGF4

I

"JI5F/4:

I

g4y &'+K/.91"<.R<

I"'K6GK-;>DM<T" €'/<1"471K<8GIGF4"K6GK-

I E#?", . 14U"1+K<"?"./4"R.914"+"<12"3.R./

e

I"VF/5F/4:

I

rm3.45,w €'3.456+7"6.114"F413".1"/<1"#$%%%"6+,-./"Q819"AAX"Y"AA?S
1

module !"#$%&'()*+,-.! / 0-$-1 213&435)678,9 2!"1)#: 21

IIHINE$%):&' 15 21"1$%)3&435 21"#$%)0$ 21"#$%)3-); 2
IS %)0-$-1); 21'4$%)"1Y4<1  =>

I input 10-$-1 213&435)678,9 >l II"K6GK-"+I3"8141/'Q+K/.91"<.R<"8141/S
W input | 2+@ABCIMLYE St 1"e#"<12".,,614"/G"3.456+7
I

I output I"#$%),&'5  21"#$%)3&435 2I"#$%)"1)4<l  2I"#$%)0$ 2I"#$%)3-); 2!
>

I
I reg '#$%)"1)4<1l  2I'#$%)0$ 21'#$%)3-);  21'#$%)0-$-1); >
I

T T e e e e e e e e e e e e e e e e

o

- N"=456+7"C6GK-

I
m11"(1118+/1"+"BAA-0T"K6GK-"0G8"38.9.IR"/<1"3.456+74%
m o

T T

m

I reg ! ?7DABCI34<:1 >

M reg ! ?7ABCI0-$-1)34<:1 >

g R S 63 K ESK U

m  wire N"0-$-1 >

m wire NMM3&435! El/34<:1 F67=1 G Bl Al *>

N always ! H/ posedge !3&435)678,9 =
- begin

1n34<:1! FEIO-$-1! G Bl Al/ 34<:1 EED@A B! Al34<:1 | *=>

mnmo-$-1)34<:1! FEIO-$-1! d FAl// 0-$-1)34<:1 EEB=! @ B! Al0-$-1)34<:1 g =>
!!IIIIIIIIIIIIG63;KGGK_IIZ[IIKGGK_U

nn end

M assign !"0-$-1! E!'/0-$-1)34<:1!  JE! B=>

I assign 1"#$%)3&435! E! K3&435>

- wire M3&435)1#35! E!' /| 34<:1 EES7=1QG *! Al B=>
I"N.81"""K6GK-;/.K-"["K6GK-"Y"\G63;K6GK-U

m o
e 1"=456+7"@/+/1"1+K<.11
m
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i

reg!"
reg "
reg!"
reg!"
reg!"
reg!"
reg!"

assign

always

TTI-

IEEEEEEEEEEAY

THEEERETEE -

i

s 1 (6.7!

THTERn

THEEEEETEEE -

if 1 @7.5</(05<
begin

.(J01-*21
5.1(6.7!

SURLI()(*

$U&I-.(/01-*2
$9&15.1(6.7

$9/&158)6/01-*2
$U&I-.('

$o&1-)()
1-0';/97)1<!

+
=1

I ?@osedge !157.5</A#B8C D
D!
if 1@6**( D
begin
E=! 0
E=l 0%

E=!

end
else

casex '@)(* D
%

begin
")&)" *&<4(=&

E=!
E=!

E=!
E=IO(*

end

$
begin
">+ "1)&)'

E=rOC

end

$
begin
n2+**(4*@)",."1
E=!

if 1 @.(/01-*2!
E=r(C*

E

else
.(/01-*2!
end

$
begin
HC7","C(
=I
E=l
E=rO(

.(/01-*2!
end

$
begin
"$)'0<"7)"/.+'1.4'
=I

if 1 @.(/01-*2!
E=(C*

E

else
.(/01-*2!
end

$

E=! K5.

Page 2

"H#$9%" & (")

1"t )" 6"/011)+"/7(1(/")1
" &6, 1"("&*+34)" 3"
1"7)-"+%224)".6"/011)+"/7(1(/)1

1 11"4.8"9:"+."24(+5),

!
T
=+
E=!
+
| 4+

| 4+

)3*&')1"A&)™"(44",.'&™."@)1.B
Y+

E=l
==I

| 4+

1M 'C*+,)-DEFG
D

=1 (/012 |

+
1"1)

| 4+

'1)3*&)1

+UMS)A)/ 7). +'1.4"1)3*&) 1
+

&+

E=15.1(6.7
" 3YIRL!

1(6.7

M-I
D
| 4+

= (/01%2 &+

1"&7*6"4)6'
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TR begin

Ty "#$%&"%'("&)*%+),"+(-./%(+"0$%%$"!"0)%"0$%$

I 4#$%&' (&)! *+

T/ o&#1" (2! 1 34, "* 06" 1)+").*-,("&'$+
nnnnnrs567 &#1" (2! *+ 1.8, 1"/%%$+%"2.%"34"&'$+
606! *+ 1"606&#1 .

Hnnmn$o60(! *+1$060( 9, .

R end

|

| =

R begin

TRy 1"#)$0"%'("5/(+6/"0)%"0$%3$".*%)"%'("0)%"+(-7"&'$+"89"&'$+
I 4#$%& 7%$! *+ ] Hnm "4(,(&%"%'("0)%"+(-./%(+
4 $%e& ' (&)! *+

nnnnnnnn£$9%&"606&/>0! *+1"/0$  ?"/0&#1"(2 @. '"0)%"0$%$"1+):":/8
TRy if 1A'0&#1"(2! ++! ;B

TRy if | A567&#1"(2! ++!;B

i nnmn$o6e0(! 18, I "g,,"0)*(7",$%&"0$%$
TRy else

i begin

Hnnnnrse7 &#1" (2! *+1'667&#1"(2! a1 ")%)"*(;%"&'$+
e 06! *+ 1"606&#1 .

I /o&#1" (2! *+

| end

TRy else

it /o&#1" (2! *+1"0&#1"(2 e .1 e/ )<"%'+5"$,,"0)%/"
i end

i

i endcase ! N"&3$/(;=/%$%(>

it end

I always ! Cl A"606! or I'567&#1"(2 B

mm - case ! A567&#1"(2 B

i =Hnnni#))e( *+1"606 ?3=; @.

i = ig))e(! *+1"606 ?F=D@.

i = i#)e(! *+1"606 ?,, = @.

i =g e(! *+1"606 ?.8 =GC@.

i = i#))e(! *+1"606 7,4 =< @.

i = i#)e(! *+1"606 ?G3E=6G; @.

i =g e( *+1"606 ?GF=GLHO.

i = i#))e(! *+1"606 73, =G: @.

i = i#)e(! *+1"606 ?738=3CG@.

i =g e(! *+1"606 ?34=3<@.

i = i#))e(! *+1"606 ?D3=D: @.

i = i#))e(! *+1"606 ?DF=DL@.

i =g e(! *+1"606 78, =D @.

i =Hnnnmi#))e(! *+1"606 ?88=8CG@.

i = i#))e(! *+1"606 ?784=8<@.

i =g e(! *+1"606 ?<3=<: @.

nn endcase

T

N always ! CAI#)E( B
mn - case ! Al#)E( B

| =I"/0$!  *+ !
i =I"/0$!  *+ !
i =I"/0$!  *+ |
| =I"/0$!  *+ !
i =I"/0$!  *+ !
i =I"/0$!  *+ |
| =I"/0$!  *+ !
i =I"/0$!  *+ !
i =I"/0$!  *+ |
i =I"/0$!  *+ !
i =I"/0$!  *+ !
i ="/ *+ |
| =I"/0$!  *+ !
i =I"/0$!  *+ !
i ="/ *+ |
| =I"/0$!  *+ !
M endcase

"

endmodule
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‘timescale  1ns / 1ps
T T AT va

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"/ '4."0'4 *"""56+76%89"5:19:1:95:"
1"0.<-, ("='0%.*"
I"S$P@A."='%. =" 2, B?.4"

I1"C/$D.E4"="%.*"
n"F'/,.4"0.G-E.<*"
IFSSAG./<-$(<*"

N"0.<E/-&4-$(*"#$%&'[.<"-(&@4",/'?-.(4"4$""&/. &.2-(.?"4H/.<H$A?I"J2"4H.
” |||||||||||||||||||||||||||| ,/u?_. 4".KE..?<"4H."4H/.<H$A?L"&'K.A"'<"%I/3.?m<'" u.?’ M

I E$// . EA"$&.I'4-$("|.N@-/.<"4H."$@48&@4"$2"4H-<"%$?@A."4$"O.

I

("<)(E"P-4H"4H."8&-K A"-4" &&A- <"4$"Q4H."E.(4./"&-K A"PH$<.
[rm—— (.

I
11"0.8&.(?.(E-.<*"
I

-, HO$/-(,"&-K.A<"P./."&/I$E.<<.?"-("4H."<$0.AB3$&"%$?@A.RI

'S, G-<-$(*"

II"S.G-<-$("9195" ET-A"#.4.2
1"U2?-4-$( A"H$%%. (4<"
I

module edge_det (
input clk , rst
input [ 15:0] gradient
output  reg pixel_edge
output reg cartoon_edge

“include "param.v"

always @(@osedge clk ) begin

pixel_edge <= (gradient > ); "2$/"<3.4EH".22.E4
cartoon_edge <= (gradient > N "2$/"E'/4$$(".22.E4
end

endmodule
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"#/.'4."0'4 *"""55+67*68"551591765:"

1"0.:-, (<%, *"

"=$>2@."<'%.*""" (A'(B."

I1"C/$D.B4"<'%.*"

"E'/,.4"0.F-B.;*"

I"ESS@"F./-$(*
I1"0.:B/-&4-$(*"G%&@.%. (4;"4A."-%",." (A'B.%.(4"2.'4?/. H'|A-BA" @ @$1;"?;./;"4$
s - ArAN A9 4-$("(>"))- AL F @7.;"$2"&-K.@;"("(

prm—_g/t (U AN PBAY($(BLLL(-(". @ é1-%.L
I

11"0.&.(>.(B-.*"

I

"ML F--$ (<"

I1"M.F-:-$("6L65" EN-@."#/.'4.>

1"0>>-4-$( @"#$%%. (4;*"
I

module *%,/(;/% 0

A% nput *)1 2*3&" 2

ik nput *4&5, 2

ko nput  *9%,/(,'%6%, 2%tk nm.(J@."-%"',.".(A'(B.%.(4
% input *%,/(,'%678&%36#,6%, 2** 1"@@$I"?;./'4$">D?;4"P"(>"Q"F@7.;
Rk nput  *#,'6&("73("#8, 2

ik input *9%'6&("73("#8, 2

ko nput  *#,'6:3#;/",%&& 2

Rk nput *9%'6:3#;/",%&& 2

ik nput *<=>70A*&46#, 2

*rE - output *reg * <=>7 0A*/&4687" 2

ik gutput  * <B? OA*&68CCE&Y%'2*468CC&%"2

ik gutput *&69#3 2*469#3

** DE

** parameter * *J*+E* I"POERMOEGS<
** parameter * *J* +E* I"TMGUVE<+PP
*%*

** reg * <B? OA*&68CC&N"6K2*468CC&N"6KE
** reg *&69#36K 2*469#36K E

** assign * L&BI#H3 2*&68CCE&Y%'MF J* L&69#36K 2*&68CCE&N"6KVIE
** assign * L469#3 2*468CC&% "M J* L469#36K 2*468CC&%"6KME
kkkkkkkkkkkkkkkkkkkkhkkhkkkkkkkkk

** 11"> 4. B4"2'@@-(,".>,."$2"F;)(B

** reg *4&5,'6K E

** always *NOposedge *)1 D*4&5,'6K* 0J*4&5," E

** \ire *4&5'6CO)¥,; E
** assign *4&5,6C()#,;*  J*04&5,* PJI*4&5'6K D* QG 04&5* JJJ* DE

** \vire *S%386&("7T3("H8,*  J*#'6&("T3("#8,* QO9%'6&("7T3("#8,  E* ">$(WA"BA'(,."'47/'4-$
* ire *S0b386:3#:/" Y&&*  J*H'G:3#" %&&*  QUO%'G:3# /[ %&&  E*II"S$(WA'BAY(,."I/-,AL(;

w51 4 4421 4S5 (" (> -, AA(. ;4SS (@ F @7.;
* wire *3%8%"6%,/(,%*  J*%./( ' %678&%36#,6%,*  QOS%3BE&("TI('H8,*  QUISY386:34:/",%&&

** 11">D?:4"P1Q"$22;.4;"J";.>"$("?;./"-(&?4

** always *NOposedge *)1 D* begin

wRkjf % 03%&%"6%,/(,'% D* begin

FRRRRRQBB8CCEW"6K* OJ* CE

*RRRk68CC&RY"6K*  OJ* CE

TR BIHIOK* OJ* CE

TR ABOHIEK* OJ* CE

¥k end*else *if *04&5,'6C()#,;* Q0%,/(,'%67&%36#,6%, D*begin
*

Fk 11M>D?:4",'4?/'4-$("$22;.4

FRkkkk case *OL#,'6&("73("#8, 2*9%'6&("73("#8, 2*&69#36K MD
*kkkhkkkk *) ?* begin

E*
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T, it 1" H#S%&EH' () !
HIHIHIHINN#S%& &' ($)! 0!
HIHIHININNI#$234$)! %0 | 1
I end! else 1#$%&&#($)!
I end

i Il : 1 begin

T, it 1" HS%&&H(S)! *1 "
1

T, else #$%&&#'($)! *0!
i end

ninm I 1 begin

TERREEERTEEREeee

i1 HB%&&H (S)! !
*01

Page 2

/! begin

I d#$%&&H#($) 1
"#$%&'("&)"*)#%&%+,")--#,&
*0 1#$%&E&H# ($)! 4 1

é I H$%EEH ($)!

/ 1 begin
I d#$%&&H# ($) 1

N4 $234%)! *0 ! 1 "#$%&'("&)".,/0&%+,")--#,&
i end! else #$%&&#($)!  *0 #$%&E&H#($)! 4 1
i end
Iy Il : ! begin
Hnm if 1" #$%&&H'($)! *!1" é Il 1#$%&E&H ($)!
1
i else #$%&&#'($)! *0! 1
Hnn end
i default 1:11m 11"#9123&0.,)2#"%.'4,"*5)42' #".)"(0./,"%.")--#,&
i endcase
i
i 1"0462#&"75%/(&. ##")--#,&
i case ! "? 3@A$743BC(@'#H#DI2'AS743BC(@'## DIE$234%) F/
i I: ! begin

if 1"E$%&E&H($)! *! / ! begin

*0 ! I dE$%&E&H'($) 1
0 1 1 1"#$%& ("&) " *#%8Y%+,")--#,&

end! else 'E$%&&#'($)! *0'E$%&EH#'($)! 4 1
i end
i Il : 1 begin
e if 1"E$%&EHA($)! *!" é Il 'E$%&&H'(B)!
1
Hnm else 'E$%&&H#'($)! *0! 1
i end
Y Il : ! begin
Hnm /! begin

it 1" ES%&&H () !
*01

nnne$234%)! *0 ! n
i end! else 'E$%&&H'(S)!
i end

i I : 1 begin

e if 1"E$%N&EHA($)! *!"
1

i else IE$%&&#'($)! *0!
i end

i default 1: 111 11"#9%123&0.,)2#"%."4,"™
i endcase

i

m  end

Il end

I

| AE$%&EH($) 1
I"HS%6& ("&)". J0&Yo+,")--#,&
0 IE$%&EH($)! @ 1

é /| 1E$%&&H($)!
1

I n"0**38"9l:")--#,&#"&)";9:"%.*2&<"30¢&,.'8"=">"3?"8'3,

Il always ! G"posedge !'AHI /! begin

mif 1"J'@CK@A'$'@ 'CHE$%L(! *0 |CHES3@1
M else ! begin
INNCHESYL ( M

A *0 IC#E$3@M o

111

1 11"0**38"#0&250&%).")--#,&

1 if 1"#%$234%) /! begin

i if 1"CHES3@bL=: ;A *!I"

HMIINCHES%L ( Mo=:; O *0 IC#E$3@\Vb=: ; O
i else ICHE$Y%L( M a*0! 1
i end! else ! begin

i if 1"CHES3@H=: ; O PI#$%&E&H'($) /
HNCH#ES$S YL ( Vb=:; O *0 IC#E$3@\Vb=: ; O
i else ICHE$%L( M a*0! 1

1 end

1

i 11"0**38"75%/(&. ##")--#,&

11111

if 1"E$234$) /! begin

"(2,"#&08#"&(,"#01,

| A#$%88&H# () I/

>SIH$%REH (S) 1

AHSUEEH(S) 1

0 I#$%8EH ($)!

*0 I#$%8EH ($)!

0 IES%&EH ($)!

*0 IE$%&EH ($)!

>!

>

>1

>|
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e it T"#$%&'()*+, -1.1" I 4%&455%$67&8 99
MHNI#$%E&4:7 ) F 4 - HB%&'( )t +, - ! <1%&455367&8 =
i else 1#$%&4A:7 )+ -1 | =

i end! else ! begin

nmnm if 1"#$%&'() *+, -1 >1%&455$67&8 9

HNNM4$%&4:7 ) F e+, =L HE%&'( )+, -1 d%&455567&8 =
i else #$%8&4:7 )*+, -1 .; | =

i end

- end

Il end

I

endmodule
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‘timescale  1ns / 1ps
T T AT va

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"#] '4."0'4 "5 6+ 78*79"7 7156156 7:"

10.i-, ("<'%o.*"

"=$>2@."<'%.*"2-@4./;"

I1"A/$B.CA4"<'%.*"

"D/, 4"0.E-C.;*"

N"D$S@"E./;-$(;*"

0, [CI-84-$("F(4'(4-'4."9"2-@4./".22.C4;"%$>?@..G"AISC.;1.."2; |
---------------------------- H?443('-(£?74"4$"> 4./%-("1J-CI"2-@4./"J"H..(";.@.C4.>G"

"HI$$;."$74824"&-K.@"H',.>"$("4).";.@.C4.>"2-@4.IG"

11"0.8&.(>.(C-.;*"

WL E--$(*"
I"L.E-;-$("6G67" EM-@."#/.'4.>
I"N>>-4-$( @"#$%%. (4;*"

module filters (

input
input
input
input
input
input
input
input
input
input

clk

, rIst

filters_en

filters_user_in_en ,

selectO
selectl
select2
select3

’

[
[
[

] hcount
] vcount
] rgb_in

" (H@."2-@4./;
"3 1474A" @@SI"?; ;48" C (. 2-@4.]

output [
output [

] rgb_out
] filter
);

“include "param.v"

reg [ ] filter_q = j "> 22@4"4%"./";,C'@.

wire sel_all = select0 && selectl && select2 && select3 M"@@"H?44%(;"&/.;;.>
">.4./%-(."I3-CJ"2-@4./"I'}";.@.C4.>
always @(osedge clk ) begin
if  (filters_en &&filters_user_in_en
if (filters_en &&filters_user_in_en
if (filters_en &&filters_user_in_en
if (filters_en &&filters_user_in_en
if (filters_en &&filters_user_in_en

end

&&select0 ) filter <=

&&selectl ) filter <=

&&select2 ) filter <= :
&&select3 ) filter_ <= ]
&&sel_all ) filter_q <= f

M- @4/ F(4 (445

Wll'e
wire
wire
wire

rgb_invert
rgh_sepia
rgb_gray

rgb_edge

wire

—_—

rgb_cartoon

sepia sepia_filter (
. clk (clk ),
. rst (rst ),
.r_in (rgb_in [ 23:16]),
.g_in (rgb_in [ 15: 8]),
.b_in (rgb_in [ 7:0]),

. r_out (rgb_sepia [ 23:16]),
.g_out (rgb_sepia [15:8]),
.b_out (rgb_sepia [ 7:0])
);
invert invert_filter
. clk (clk ),

. rst (rst ),



filters.v

.r_in (rgb_in [ 23:16]),
.g_in (rgb_in [ 15: 8]),
.b_in (rgb_in [ 7:0]),
. r_out (rgb_invert [ 23: 16]),
.g_out (rgb_invert [ 15:8]),
b out (rgb_invert [7:0])
)i
grayscale grayscale_filter (
. clk (clk ),
. rst (rst ),
.r_in (rgb_in [ 23:16]),
.g_in (rgb_in [ 15: 8]),
.b_in (rgb_in [ 7:0]),
. r_out (rgb_gray [23:16]),
.g_out (rgb_gray [15:8]),
.b out (rgb gray [7:0])
);
cartoon cartoon_filter
. clk (clk ),
. rst (rst ),
. hcount (‘hcount ),
. vcount (vcount ),
. rgb_gray (rgb_gray [ 7:0]),
.rgb_in (rgb_in ),
. rgb_edge (rgb_edge ),
. rgb_cartoon (rgb_cartoon )
)i
"#$%8&$%" (()*+,-+%(
assign filter = filter_q
assign rgb_out = (! filters_en )
(filter_qg ==
(filter_q ==
(filter_q ==
(filter_qg ==
(filter_qg ==

endmodule

Page 2

? rgb_in :
) ?rgb_sepia
) ?rgb_invert
} ?rgb_edge
N ? rgb_cartoon
Y ?rgb_gray

: 'rgb_in
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4968 )+, S+
module I"#$96&'()*  +,-%* . I/40/1 . 102 .1$33,-%0% . 143$*$ .1,3%*$ . 156%7 . I'#$%&'3$*$

I 4$9%&'$33,-%% 1"#$%E&'[-'5 C"HE%&'0-'5 | I"#$%&'4-'5
N 4$%e&',-%-*'5 HE%&'%*% | "#E%&'57*-'5 89

m

I parameter 1$//-%%'/7/#-%) 219

I parameter !,-%-*'$%%-,*/7/#-%)! i 9

Il parameter !,-%-*',-/0>-,7'/7/#-%)! (1 7=9

M input 1,-%-* . U#0/1 9! " +%+*'$)/-#0-1"0,*&+"#$%&'()*+,"$-+
I input | @A=Bl02 9 II'2#$%&'03+,$*(0) Yo+#+-*4,+$/5'6, (*+5'(I#+7"
M input ! @CCA=B!$33,-%% 9!

M input ! @; A=Bl43%*$ 9

I output ! @:; A=BI,3%*$ 9

' output !56%79

N inout ! @ A=BI"#$%&'3%*$ 9

' output ! @C7A=BI"#$%&'$33,-%% 9

N output 1"#$%&'/-'5 CI"#$%&'0-'5 . "'#$%&'4-'5 9

' output !"#$%&',-%-*'5 . "#$%&'57*-'5 9

N input 1"#$%&'%*% 9

M reg ! @A=BI#02 9

m reg!@; A-B,3%*$ 9

I reg 156%79

M reg ! @:; A=BI"#$%&'43%*$ 9

M reg I"'#$%&'33%*$ 9

M reg ! @?A-B!I"#$%&'$33,-%% 9

M reg "#$%&'0-'5 . I"#$%&'4-'5 . "#$N&',-%-*'5 9

I assign I"#$%&/-5!  : I"#$%&'0-'5!  DO'#$%&'4-5 9

Il assign I"#$%&'57*'51 ;1 <91 1I'8'9'8: &(*'<0/+'4=>'(2)0,+/7

I assign I"#$%&'3$*S!  : I"#$%&'33$*S!  EI'#$%&'43% Sl Al 9
I

I initial

IN"#$%&,-%-*'5! B 9

I

M reg ! @A=-Bl%*$* 9

I always ! K+posedge /#0/1 8
miif 1+ -%-* 8

i begin

I oh*g*- [: 1=9

I 4$%e&',-%-*'5! I 1=9
it 4#$%E&'4-'5! I: 1<9

I 4454 &'0-'5! I: 1<9

I 4$%E&'33%*$! I: 1=9
HInn5697! [: 1<9

i end

mi else if | +"#$%&',-%-*'5! o 1=8

i if 1 4+9%*$*-1 1 1 -9%-*$%%-,*/7/#% 8
iy begin

T 4$9%& , -%-*'5! I: 1<9
LT 0a*G*-| [ 1 6-%-*',-10>-,7'17/#-% 9
Ay end

i else

I 0h*$*- | [ 19%*$*- L<9

i else lif 1 ++9%*$*! 1 1 =81 DO Mb6%78

I I'@Q&+"#$%E& -&(3'P)/*&(%'%*$*+'<$-&()+'$,+';0*&' (/#+A'BS*-& *&+'C%+,D%
i '$/1,+%%'$)/'6,(*+'/$*$' () 3C*%A'E+$%%+,*' FG'$)/'HG5'$)/'%*03',(1()?

i & +'1$*$';,C%%'0C, % +#1+%A'J"$"#$%&'03+,$*(0)'4,+$/'0,'6,(*+7'(%

I I +KC+%*+/5'<0l+"*0"*&+")+L*'%*$*+A

i begin

I 469 &'$33,-%%! [: 1 N$33,-%%. ! 09

A $% & '33%*$! [ =9

4 $% & '43%*$! I: 143%$*$ 9
2! [: 102 9

NN if 1+02! M:!P e
Y begin

T 5696 7! I 1<9

T T 0% x| [: 196*$*- L<9
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T end
N else

T 4 g4 & !()
N end

I else Tif 1* $++ " (.1// 101,$23%+$
T 4$oe! &1 ()

I else 1if 1*$++-1 " |

I IS0 & ()" +, %0 -8 +" & +)$"-/%(+*-01"#$%"+22(%))"34)")"+.(%+25")%*6
WL )-8 &)™)+ (%6+26"7%™+)) %6 (891 ":-("+"7 (*%6"7 %"V *+(*"2(';'0,

WL 1G04"4) (<) "2+%+"-0%-"*$%" & +)$"2+*+34) "'=*$%" +.4%" 7+)" . +*>$%62"0"*$%
W 0Y(%:;-4)") %1

TR begin

L it 1*%156! " 17 .
01, $23DD, +,! & 14)
L else 1if 1%156! " 17
01, $235-3" &'
IS+ +-] & 1§+ 4 FA4)

mm end

M else Nif 1*$++-1 " 1G

W IH$%")%>-02")*+,06"-&"+" & +)$"-/Yo(+*'-01"P-*$'0, "*-"2-"&-("+"(%+21":~(
WU 17 (%966"7%"+)) % (*" @91

ni begin

i if 1*156! " 17
rnnnmo1,$23H-3"1 &'
T g+ +- &' 1$+,+- F4)

i end

m else Vif 1*$+,+1 " 111-$$31%I11-$ F4.

nim "#3$%"*$'(2")*+,%"-&"+"&.+)$"- 1% (+*'-01":- ("+"(%+26"7%". +*>$"*$%" 2 +*+
nin I"&(-A"*$%"&.+)$">$'/1":-("+"7(*%6"7%"2%+)) % (*" @91
i begin

ATy if 1*156! " 17
Hinnnnnnnnnno1,$23H-3" &' 14)
Hnmn if 1*156! " 17 .
i gp, +,! &'101,$23D,+, )
g+ +- & 1()

i end

n else

nin begin

Hnmn if 1*K01,$23%+$ .

N 4 $ %! &'

IS+ 4] & 1$++- FA)

endmodule
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//manages all the stuff needed to read and write to the flash ROM

module flash manager(clock, reset, dots, writemode, wdata, dowrite, raddr, frdata, d
oread, busy, flash data, flash address, flash ce b, flash oce b, flash we b, flash re
set_b, flash sts, flash byte b, fsmstate);

input reset, clock; //clock and reset

output | :0] dots; //outputs to dotématrix to help debug flash,
not necessary

input writemode; //if true then we're in write mode,
else we're in read mode

input [15:0] wdata; //data to be written

input dowrite; //putting this high tells the manage
r the data it has is new, write it

input [22:0] raddr; //address to read from

output[15:0] frdata; //data being read

reg[15:0] rdata;

input doread; //putting this high tells the manage
r to perform a read on the current address

output busy; //and an output to tell folks we're
still working on the last thing

reg busy;

inout [15:0] flash data; //direct pas
sthrough from labkit to lowélevel modules (flash int and test fsm)

output [23:0] flash address;

output flash ce b, flash oe b, flash we b;
output flash reset b, flash byte b;
input flash sts;

wire flash busy; //except these, which are internal to the in
terface

wire[ ] fwdata;

wire|[ ] frdata;

wire[ ] address;

wire [ ] op;

reg [1:0] mode;

wire fsm_busy;

reg[2:0] state=2; //210

output[11:0] fsmstate;

wire [7:0] fsmstateinv;

assign fsmstate = {state,flash busy,fsm busy,fsmstateinv[4:0],mode}; //fo

r debugging only

//th
is guy takes care of /some/ of flash's tantrums
flash int flash(reset, clock, op, address, fwdata, frdata, flash busy, flash
_data, flash_address, flash ce b, flash oe b, flash we b, flash reset b, flash_sts,
flash _byte b);
//an

d this guy takes care of the rest of its tantrums
test _fsm fsm (reset, clock, op, address, fwdata, frdata, flash busy, dots,
mode, fsm busy, wdata, raddr, fsmstateinv);

parameter
parameter ;
parameter =
parameter ;

Il ~e

parameter
parameter
parameter ;
parameter = ;

parameter
parameter
parameter ;

always @ (posedge clock)
if(reset)
begin
busy <= 1;
state <= ;
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mode <= MODE IDLE;
end
else begin
case(state)
HOME ¢ \|"HHHHHHHHHHHHHHHHH R SY0H & S& () #

)*&+*#,%+%
if(!fsm busy)
begin
busy <= 0;
if (writemode)
begin
busy <= 1;
state <= MEM
INIT;
end
else
begin
busy <= 1;
state <= REA
D READY;
end
end

else
mode <= MODE_IDLE;

MEM  INIT : -HHHHHHHH AR
AL Y%/01#3020 1/#*,%#3%34+(

begin
busy <= 1;
mode <= MODE INIT;
if (fsm_busy)

*A#/05%#*, % #06)3#&H T ,& 1 7% #*4#+8&0)%#0*)#.8)(#)0/1&'
state <= MEM WAIT;
end

MEM WATLT : |\ OfHHHHHHHHHH
###1#116010),%:#$0201/
if (!fsm busy)
begin
busy <= 0;
state<= WRITE READY;
end
else
mode <= MODE IDLE;

WRITE READY : | S &
0*01/#64+#: &*&H#*A#S+0*YoH*4#6'&),
if (dowrite)
begin
busy <= 1;
mode <= MODE WRITE;
end
else if(busy)
state <= WRITE WAIT;
else if(!writemode)
state <= READ READY;

WRITE WATT : W<HHHHHHHHHHHE 1 $&0*0 1/#64
+#6'&),#*4#6010),#$+0*01/
if(!fsm busy)
begin
busy <= 0;
state <= WRITE READY;
end
else
mode <= MODE IDLE;

READ READY : |\ =HHHHHHHEHHHHEHHHHHH R+ % & (A #+
N&H#.&*&
if (doread)
begin
busy <= 1;
mode <= MODE READ;
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if (busy)
//lets the fsm raise its busy level
state <= READ WAIT;
end
else
busy <= 0;

READ WAIT://6 //waiting for flash

to give the data up
if(!fsm busy)

begin
busy <= 0;
state <= READ READY;
end
else
mode <= MODE IDLE;
default: begin //should never happen...
state <= 3'd7;
end
endcase

end
endmodule
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$968&'()*"
"+ (,- (. 0$/.(18"2-)'($
"

1"#/.'3."4'3.*"""56*77*75"65!78!5769"
ma.:-,(";'%.*"
N"<$=>2.""%.*"@?"Al'=/"
"B/$C.D3";'%.*"

""e'/,.3"4.F-D..*"

N"E$$?"F./-$(:*"

n"4..D/-&3-$(*"

1l

"4 & (=.(D-.:*"

I

"G F--$(*"

I"G.F--$("7H76" E1-2."4/.3.=

11" J==-3-$(' 2" H$%6%. (3:*"
I

module *)(&01%(2%1 34 5/)(&01%&%" 5678&85&"(1" 5.4#"&%) 5*)(&0(221 591#'%%$:2% 52:91#'% 52:

19%(2592("( 5):2%2 <
*khkkkkhkkkkkkkkkk InpUt *1 4 <

*kkkkkkkkkkkkkkk |nput */) (&01%&%" <

*kkkkkkkhkhkkkkhkhkx |nput *67&8 <

*khkkkkhkkkkkkkkkk InpUt *&"(1" <

*kkkkkkkkkkkkkkk Input * = ’) A*.#'"&%) <

*kkkkkkkkhkkkkkhkhkk Output * reg *)(2%2 B &

*kkkkkhkkkkkkkkkk Output * reg * — ’) A*/)(&O(zzl <

Rk output *reg *91#'%$:20% 5*2:91#'% 5*2:1%(2 5*92("( <

kkkkkkkkkkkhkkkkk

*kkkkkkkkkkkkhkkk reg *9(#":’% B g

*kkkkkkkkkkkkkkk re *0 & B &

*kkkkkkkkhkkkhkhkk reg *&"(1"%2 B q

*kkkkkkkkkkkkkkk reg * — ’) A*/)(&O'.7,"%1 B 4

*kkkkkkkkkkkkkkk alW&yS * Dgposedge *‘)4 ’ * begln

KRR if *3/)(&01%&%" ; *begin * 1:A$>?=(K3".F./"A'&&.(

********************************9 1#"%$ 2%* E B <*
********************************2 - 9 l#"o/o.* E Bk <*
********************************2 . 1%(2* E Bk &
********'k***********************9.2 "k EB* <* ||"_(_3_'7"L/_3 ":‘3"'M"7
********************************/)(&0(221* EB* <* !!';_(_3_".5" .':'"::/.::IIMII7
*khkkkhkkkhkkkhkkhhkhkhhhhhhhhhhrikx en d
FRAR AR AR AR it *3&"(1" ; *&"(1"%2 EB+<*I-@",-F.(":-,('?"3$":3/3"D'DA-(,"(
||_%|1.
KRR RAIKII RN if *367&8BB@ * begin *I$(?)"=$"3A-(,""LA.("@?":A"-:(3"N>)
KHKKHIK KRR KRR if 3&"(1"%2 : *begin

K*kkkkkkkkkkhkkkkhkkkkkhkkkkhkkkkkkhhkkkhkkkrx)- 2%2 EB ¢
****************************************9 1#"%$ . 2% E B 4

*kkkkkkkkkk *% *% *kkkkkkkkkk 2.1%(2 EB <

****************************************9 #":,% EB B

****************************************0 (& E B &

*kkkkkkkkhkk ** ** *kkkkkkkkhkk case *3.#'"&%) ’
K*kkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkhkkkkkkkkkkhkkkx » beg | n * | l&l/_-
********************************************************/) (&0 (2 2 1 E B

*kkkkkkkkkk *% *% *kkkkkkkkkk *% *% *% nx/)(&o':?,"%l EB
0Q7
*khkkkhkkkhkkhkhkhhhhhhhkhhhhhhhhhhhhhhhhhhhhhhhhhhhihhixk en d

*kkkkkkkkkk *% *% *kkkkkkkkkk *% *% ’)begln *||/$%
********************************************************/) (&O 2 2 l E B
********************************************************/) (&0' 7 , "% 1 E B

[l end
kkkkkkkkkkkkkkkkkkkhkkkkkhkkkkkhkkkkkhkkkkkhkkkkkhkkkkx ’) beg | n * | l‘%' 1$(
********************************************************/) (&0 (2 2 1 E B

KRRt ) (R 0117, "0 1 EB
kkkkkkkkkkkkkkkkkkkhkkkkhkhkkkkkhkhkkkkkhkhkkkkkhkkkkkhkkkkkhkkkkkkkx en d
kkkkkkkkkkkkkkhkkkkkkhhkkhkkkkkkkkkhkkkkkkkkkkhkkkx ’) beg | n * | |’)$(:$(

KRRRERRI KRR KRRk kR ) (80221 EB

********************************************************/) (&O' . 7 "%1 E B
by

kkkkkkkkkkkkkkhkkkkkkkkkkhkkkkkkkkkkhkhkkkhkkkkkkkkkkhkkkkkkk en d *

*kkkkkkkkhkk ** ** *kkkkkkkkhkk ** ** ’)begln *”3‘/3
********************************************************/) (&O (2 2 l E B
********************************************************/) (&0' . 7 "% 1 E B

L]

=G
«#11907P

<
<lI907PR
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%(*%(0*'+$3(0*+*(4%$'

end

endmodule

end
else

end
end

Page 2

endcase

end

started<=0; ##$%&'()&*)+,)-)&.(*/)&.01(&%2(.

begin  ##0*+$3(0*+*(4%$'

if (flashcounter!=0) begin
flashcounter<=flashcounter—
flashaddr<=flashaddr+

end

else begin ##5)4*67'(/+0(8"&(0'&*(*%(-8*

loaded<=
end

.
14

.
14

.
4
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LILLLLSSSSS LSS S
//

// Pushbutton Debounce Module (video version — 24 bits)
//
VI AN A N A N A A N A A A A A A A A A A A A A A A A A A N N A A N A A A A A N N A A A A A A N N A S A A S A A A A

module debounce (input reset, clock, noisy,
output reg clean);

reg [19:0] count;
reg new;

always @ (posedge clock)

if (reset) begin new <= noisy; clean <= noisy; count <= 0; end
else if (noisy != new) begin new <= noisy; count <= 0; end
else if (count == ) clean <= new;

else count <= count+l;

endmodule

;;/////////////////////////////////////////////////////////////////////////////

// 6.111 FPGA Labkit —— Template Toplevel Module

//

// For Labkit Revision 004

//

//

// Created: October 31, 2004, from revision 003 file
// Author: Nathan Ickes

//
LLLLSSSSSSSS S S
//

// CHANGES FOR BOARD REVISION 004

//

// 1) Added signals for logic analyzer pods 2-4.

// 2) Expanded "tv_in ycrch" to 20 bits.

// 3) Renamed "tv_out data" to "tv_out i2c data" and "tv_out _sclk" to
// "tv_out i2c clock".

" "

// 4) Reversed disp data in and disp data out signals, so that "out" is an
// output of the FPGA, and "in" is an input.

//

// CHANGES FOR BOARD REVISION 003

//

// 1) Combined flash chip enables into a single signal, flash ce b.
// CHANGES FOR BOARD REVISION 002

// 1) Added SRAM clock feedback path input and output

// 2) Renamed "mousedata" to "mouse data"

// 3) Renamed some ZBT memory signals. Parity bits are now incorporated into
// the data bus, and the byte write enables have been combined into the
// 4-bit ram# bwe_b bus.

// 4) Removed the "systemace clock" net, since the SystemACE clock is now
// hardwired on the PCB to the oscillator.

A N VA
//

// Complete change history (including bug fixes)

//

// 2012-Sep-15: Converted to 24bit RGB

//

// 2005-Sep-09: Added missing default assignments to "ac97 sdata out”,

// "disp data out", "analyzer[2-3] clock" and

// "analyzer[2-3] data".

//

// 2005-Jan-23: Reduced flash address bus to 24 bits, to match 128Mb devices
// actually populated on the boards. (The boards support up to
// 256Mb devices, with 25 address lines.)

//

// 2004-0Oct-31: Adapted to new revision 004 board.

//

// 2004-May—-01: Changed "disp data in" to be an output, and gave it a default
// value. (Previous versions of this file declared this port to
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// be an input.)

//

// 2004-Apr—-29: Reduced SRAM address busses to 19 bits, to match 18Mb devices
// actually populated on the boards. (The boards support up to
// 72Mb devices, with 21 address lines.)

//

// 2004-Apr—29: Change history started

//

L1777 77 77777777777 777777 77777777 777777777777777777777777777/77777777777777777777

module lab3 (beep, audio_reset b, ac97 sdata out, ac97 sdata in, ac97_synch,
ac97_bit clock,

vga_out_red, vga_out_green, vga_out_blue, vga out_sync b,
vga_out blank b, vga out pixel clock, vga out hsync,
vga_out_vsync,

tv_out ycrcb, tv_out reset b, tv_out clock, tv _out i2c clock,
tv_out_i2c_data, tv_out_pal ntsc, tv_out_hsync_b,

tv_out _vsync_b, tv_out_blank b, tv_out_subcar reset,
tv_in_ycrcb, tv_in data_valid, tv_in_line_ clockl,
tv_in line clock2, tv_in aef, tv_in hff, tv_in aff,
tv_in i2c _clock, tv_in i2c_data, tv_in fifo read,
tv_in fifo clock, tv_in iso, tv_in reset b, tv_in_clock,

ram0_data, ram0_address, ramO_adv_1d, ram0 _clk, ram0 cen b,
ram0_ce_ b, ram0_oe b, ram0 _we_ b, ram0_bwe b,

raml data, raml address, raml adv_1d, raml clk, raml cen b,
raml ce_b, raml _oe_b, raml we b, raml_bwe_b,

clock feedback out, clock feedback in,

flash data, flash address, flash ce b, flash oe b, flash we b,
flash reset b, flash sts, flash byte b,

rs232_txd, rs232 rxd, rs232_rts, rs232_cts,
mouse_clock, mouse_data, keyboard clock, keyboard data,
clock 27mhz, clockl, clock2,

disp blank, disp data out, disp clock, disp rs, disp ce_ b,
disp reset b, disp data in,

button0, buttonl, button2, button3, button enter, button right,
button left, button down, button_ up,

switch,

led,

userl, user2, user3, user4,
daughtercard,

systemace_data, systemace_ address, systemace _ce b,
systemace we b, systemace oe b, systemace irq, systemace mpbrdy,

analyzerl data, analyzerl clock,
analyzer2 data, analyzer2 clock,
analyzer3 data, analyzer3 clock,
analyzer4 data, analyzer4 clock);

output beep, audio reset b, ac97 synch, ac97 sdata out;
input ac97 bit clock, ac97_sdata_in;

output [7:0] vga out red, vga out green, vga out blue;
output vga out sync_b, vga out blank b, vga out pixel clock,
vga_out_hsync, vga out_vsync;

output [9:0] tv_out_ycrcb;
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output tv_out reset b, tv_out clock, tv_out i2c_clock, tv_out i2c_data,
tv out pal ntsc, tv out _hsync_b, tv out _vsync_b, tv out _blank_b,
tv out_ subcar reset

input [19:0] tv_in ycrcb;

input tv_in data valid, tv_in line clockl, tv_in line clock2, tv_in aef,
tv_in hff, tv_in aff;

output tv_in i2c clock, tv_in fifo read, tv_in fifo clock, tv_in iso,
tv_in reset b, tv_in clock;

inout tv_in i2c_data;

inout [35:0] ramO_data;

output [18:0] ram0_address;

output ram0_adv_1d, ram0_clk, ram0_cen b, ram0_ce b, ram0 _oe b, ram0 _we b;
output [3:0] ram0O_bwe b;

inout [35:0] raml data;

output [18:0] raml address;

output raml_adv_1ld, raml clk, raml cen b, raml ce b, raml oe b, raml we b;
output [3:0] raml_bwe b;

input clock feedback_in;
output clock feedback out;

inout [15:0] flash data;

output [23:0] flash address;

output flash ce b, flash oe b, flash we b, flash reset b, flash byte b;
input flash sts;

output rs232 txd, rs232 rts;
input rs232 rxd, rs232 cts;

input mouse clock, mouse data, keyboard clock, keyboard data;
input clock 27mhz, clockl, clock2;

output disp blank, disp clock, disp rs, disp ce b, disp reset b;
input disp data_in;

output disp data out;

input button0, buttonl, button2, button3, button enter, button right,
button left, button down, button up;

input [7:0] switch;

output [7:0] led;

inout | :0] userl, user2, user3, user4;
inout [43:0] daughtercard;

inout [15:0] systemace data;

output [6:0] systemace address;

output systemace_ce_ b, systemace we b, systemace oe b;
input systemace irq, systemace mpbrdy;

output [15:0] analyzerl data, analyzer2 data, analyzer3 data,
analyzer4 data;
output analyzerl clock, analyzer2 clock, analyzer3 clock, analyzer4 clock;

N N Ve
/7

// I/0 Assignments
//
L1777 77777777777777777777777777777777777777777777777777777777777777777777777/

// Audio Input and Output
a551gn beep=

a551gn audio reset b = ;
assign ac97_synch = ;
assign ac97_ sdata out = ;
// ac97 sdata in is an input

// Video Output
assign tv_out_ycrcb = ;
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assign
assign
assign
assign
assign
assign
assign
assign
assign

tv_out _reset b =
tv out “clock =

tv out i2c clock
tv out i2c data
tv_out_pal ntsc

tv_out hsync b =
tv_out_vsync_ b =
tv_out _blank b =

tv_out subcar reset

"#$%6&"™ )+,

assign
assign
assign
assign
assign
a551gn
aSSLgn

1" -.$)./01023" - §).%4,4.-45$%3" -.$). 5$)& 05'0673",-.$).5$)&.05'0683"

tv_in i2c_clock
tv_in fifo read
tv_in fifo clock
tv_in iso =
tv_in reset b =
tv_in clock =
tv_in i2c_data =

.
4

.
14

.
4

I"-$).4893" - $)..993"4)%" -.$).499"41&"$)*+,;

"<=>?;
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign

ram0_data =
ram0_address
ram0_adv_1d =
ram0_clk = ;
ram0 _cen b =
ram0_ce b
ram0_oe_b
ram0_we b
ram0_bwe b =
raml data =
raml_address
raml_adv_1d =
raml_clk = ;
raml _cen b =
raml _ce b =
raml _oe b =
raml we b =

assign raml bwe b =
assign clock feedback out = ;
11"05'06.98&&%2406.$)"$;"4)"$)*+,

"@54;:"=A?
114;:$B)"954;:.%4,4"C"7DE:FG
114;:$B)"954;:.4%%1&;;"C"8HE:IG
114;:$B)"954;:.0&.2"C"7E27G
114;:$B)"954;:.'&.2"C"7TE27G
114;:$B)"954;:.J&.2"C"7TE27G
114;:$B)"954;:.1&;&,.2"C"7E2IG
114;:$B)"954;:.2/,&.2"C"TE27G
11"954;:.;,;"$;"4)"$)*+,

I"=<  -8K8"(),&1940&
a551gn rs232_txd
assign rs232 rts
11"1;8K8.1L.%"4)%"1;8KS8. O,,"41&"$)*+

.
14

"M<!18"M'1,;

I"N'+;&.05'063"N'+;&.%4,43"6&/2'41%.05'063"4)%"6&/2'41%.%4,4" 41 &"$)*+,;

"OPQ"Q$;*54/,
na..$B)"%$;*.254)6"C"7E27G
4..$B)"%$;*.05'06"C"7E2IG
n4;.$B)"%$;*.1;"C"7E2IG
n4..$B)"%$;*.0&.2"C"7E27G
n4,.$B)"%$;*.1&;&,.2"C"7E21G
n4..$B)"%$;*.9%04,4.'+,"C"7E2IG

11"%$;*.%4,4.9)"$;"4)"$)*+,

I'R+,,');3"<J$,0:&;3"4)%"()%$-$%+45"OPQ;
542K "4;:$B)"5&%"C"SE: @ @G

112+, )I3"2+,,)73"2+,)83"2+,,)K3"2+,,).&),&13"2+,,").1$B:,3

Page 4
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m o 1"4#$%%E&'()*+%, "#$%%&'(-&.',"#$%%&'($/,"0'-"1.2%34*1"05*"2'/$%1

nm 1n"e1*5"7181

M assign "#$%§&! ' !

I assign "#$%)! ! -
M assign "#$%(! !

M assign "#$%. /(& 0&&1!" ) -
i assign "#$%. / &21 -

m 11"90%:4%*5305-";&"*3%&51
M assign 145"6+7$%85%4! ' | -

" 1"<=1%*>?; @"A235&/5&3*11&5"B&5%

' assign I#O#7$:58$:4575] ' |

M assign #9#7$:58%$;544%$##! ' | -

I assign 1#94#7%$:58%;8%;3! " -

I assign 1#9#7$:58%;>$;3! "l -

I assign #947%$:58%;?7%;3! "

- 11"1=1%*>03*(25C"0'-"1= 1%*>03*(>/#5 ="05*"2'/1$%1

m 1"D&:23"?'0)=E*5

1T

I 2+FF#3$1=GGHIJIF3&$'%*5KGHII"#*:2'

I 2+F.52%2"1"#*:2'

r—— i — 0w.—w—mnw".—s—"——n—sw .52%*>&-*LGMN

I -&.52%*LGMN

I -&5*0-LGHN

rr——.—s—nwwiannpn9snm 9 50--5LG50--50MN

I .-0%0LGMPQ4RHRHNI!)0%*5"/$%"%4*"5*0)"S0)$*

m n"$1*'"RBT?Q1"-2:2%0)"3)&3U">0'0:*5"%&"/5&-$3*"0

- 1I"PVAWE"3)&3U"F03%3%$0))="PXYZAWEI

I wire 18@78A;<B:+C;"D3"E  F8@7?8A;<B:+C-

" IJB@A&KL K8@7?8A;)=:+C QFL K8@7?8A;<B:+C;"D3"E QOQ-
e 11"1="%4*121"0%%52#%$%*";D[R\(97]79@"&+"S3)UM"21"MH

- n"1='%4*121"0%%52#%$%*";D[R\(A6D"7BD_"&+"S3)UM"21""X

- Nn"1='%4*121"0%%52#%$%*";D[(R@ @9a?;["'&+"S3)UM"21"b8b@

e 11"1="%4*121"0%%52#%%*";D[7b(B@c789"&+"S3)UM"21"de

" 1IIB@A) KLWKB@7?8A,;<B:+C QFLOK8@7?8A;<B:+C;"D3"E QQ-

" 1n"/&.*5 -&"'5*1*%":**50%2&'

N wire IX?>$%;?D;%$#$7 - 111 11"5*>02"42:4"+&5"+251%"MP"3)&3U1

I 1%6$#$7:#%! KLGK QP LHMIK8@?8A;<B:+C QF L[ KX?>$%:?D;%$#$7 QF
Hnnnnnn L\2 K QR L\& K QR L) K QR L\( K Q0-

M defparam 1%$#$7;#% L 1l 2

- ""@b "@c"#%$%%&"21"$1*5"5*1*%

M wire 1%$#$7 F'#$%;%$#$7 -

1114$3?7"D8%$!43& KL%$#STKX?>$%;7D;%$#$7 QFLB@?8AB@?8A;<B:+C QFLD?M9K _3"77?D;$D7%% QFL8@
$5DK"#$%:;%$4#$7 QQ-

I assign 19%$#$7! ' 1"#$5%;%$#S7! ~ IX?>$%;?D;%$H$7 -

I

- 11"eB"0'-"98fb"#$%%&'1"+&5"/&":"/0--)*

I  wire "X F4?>DF@SEF3"7( F!3"7. -

1114$3?"D8%!43) KL%$#$7TK%SHSTQFLB@?8AB@?8A;<B:+C QFLD?MI K _3"77?D;"X QFL8@$5IXK"X QQ-
'”4$3’7"D8$'43( KL%$#$7K%$#$7TQFLB@?8A8@ ?8A;<B:+C QFLD?"M9 K 3"77'7D 4?2>D QFLB@%$50X4?>DQQ

HINA$37"DB$IA3, KLOSHSTKUSHSTOFLB@?8AB@?8A;<B:+C QFLD?M 9 K_3"77?D:@$E7 QFL8@$5IX@
$E7Q0-

I1114$37"D8$143B KLYSHSTKUSHSTQFLB@?8/AB8@?8A;<B:+C QFLD?"#9 K_3"77?D( QFL8@$51X3"7( Q
Q-

HN114$37"D8$143< KLYSHSTKUSHSTOFLB@?8AB@?8A;<B:+C QFLD?"#9K_3"77?D. QFL8@$50X3"7. Q

I

I

5006+ "#0123"\ | T?"S2-+8"12:'0)1

11" 25%'gMHhHi"43&$ %N

1" 255 gihHi™ S3&$'%6N

I 25%41="3,S1="3 #)0'UN

11""kS:0"kS:0MFY S3)&3UF3)&3U(PV>4EI, Y43&$'%F438$'%I,Y S38&$'%FS3&$'%I,
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st 4 G04&' ()$%E& (*+#,%8&'(), %& (*+#-./'0)-./'0**1

M 1"2334"5678"%9:'.%",<"=%3>?%"@<"":/A3
""B9>3"CDEFGH"@913.1

- 11"%B9;($CIFGH"%3.3(;%"B$9($",943<":3'3>/,<>";<"=%3F
m 1I"GGF'=%3>?%"@<"":/A3
m 1"GJF"J'@913."<=;.9'3"<2"/(;9,3",943<"/>3/")/4AK=%;"%(>33"(<";><.%*
m mIGK"(<.<>"->%
n">3:"CDEFGH">:-1
!!"'"'89>3"—<>43>"L")$(<:‘;LLG"M"$(<:';LLJGDE"M",(<:';LLG"M",(<:';LLNON*l
n">3:"-+$%-+,%1
n"/.B/I&%"P)@<%34:3"(.<(0QORA$S*"-3:9'
fretg2M06B9;($CIFGH LL"D?-GJ*-3:9'
"M @913."<=;.9'3"<2",9%9-.3"/>3/")B$9; 3*
"""$%"TL"$%&'(1
"0 TL",%&' (1
-"TL"-./01
"> -"TL"UDVU-<>43>WW1
"'3'4"3.%3"92")%B9;($CIFGH"LL"D?-JG*"-3:9'

N(<.<>"1>%
""$%" "TL"$%&'(1
"0 TL",%&' (1
LTL- 01
>-"TL"UUXU$(<=";,CXHWW+"UXU$(<=";,CNHWW+"UXU$(<=";COHWWW"1
"3'4
mtt3,9%3"92")%B9;($CIFGH"LL"D?-3J*"-3:9'
"IN <>"-1>%
'$%"TL"$%&'(1
"9%"TL",%&'(1

"-TL-01
"> -"TL"UBA4//ICIRFGH+X?4GW1

||""""""3 4
34

I n"e78"Y=,@=;#""2"<>43>";<"A33;";$3"%3;=@"/'4"$<.4";9A3%"<2";$3
1 N"8[NJDR+"B3"%3'4"9;"\(.<(0QORA$SH

I assign "#$%&'(%)+ ! -

M assign "#3$%&' (Yo#)**/! .

M assign "#$%&'(%01"*! -

M assign 1"#$%&'(%23/4%0! ! I NM<t=0034
M assign "#$%&'(%01$/7%0! ! -.

M assign 1"#$%&'(%89:*1%418&47! !

M assign "#$%& ' (%;23/4! .

M assign "#$%&'(%"23/4! !

m

I

[

nnmn ngJ"~_"al8b_"b caa'Yd7""_Zb"zZb"r “eYfb”

i reg ! <5=>-21@+$($ .

nm reg ! <5=>- 21@+$($&1+ .

nnnn reg |@)9(*A&+*

i reg +&@)9(* .

i reg | <BBE>- 20)$++) . | 11"44>3%%"<2"B$3>3"B3"B/";";<">3/4"2><A"2./%$") @./&9":"2>
<A"2./%$*

i wire 1 <5=>-21C)+$($ . M1 14/,/"-39".">3/4

i reg H+&)*$+ . 1 11M3."2./%%$";<">3/4"2><A"A3A<>&

nnnn wire 1023 .1 1"2./%$"9%"-=%&+"4<'?;">3/41B>9;3"B$3"/%%3>;34
i wire 1 <55>- 21C2A2($(* . !

i wire 1+&(2 .

nnmnn wire 1@)9(9/#

i wire 1)*$+9/#

i wire 124$//9/# .

nimn assign 124$//9/# , 12@9(4;! <=7.

i assign '@)9(9/# , 12@9(4; <D?.

i assign )*$+9/#1 | 12@9(4; <E?.

i 119"334",<"(>3/;"/"292<"-=223>"%<";$/;"9"(/"":3;";$/;"4/;/";<:3;$3>
i wire 1 <D>- 21+$($20&'( .

ninn wire 1@&'( .

i reg &1+ .

i reg 1IC9)2(&*
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T reg | " #$U& () +,+. |
mu - reg " 01$9&23+3+4(4
T reg 15)6.76'(4 8%
Ty reg 1)26.76'(4 8%
m wire " 01$Y&1249+6'(4 |
Iy wire 1'9:; /

T

+C7.549+ CA4:2 C+3+. G/

Page 7

<=:4=>67#@ABC).*.+ CO*)D "#$%&C9*)D "E&CO*)D " F&C23+39*49

Hne3*A'('413*A'('4 <= 4=>6?#@ABCI23+3+4'('4  ()26.76'('4 O).*+ (5)6.76'('4 C249+
6'(4 C@;+ C9: G/

i

ninm always ! H<posedge !=:4=>6?#@AB G begin

m if <'9: GA4:2 18 0/

i else 1A4:2 18 %

i

i if 1<'()*+47. JJ7.549+ @ begin

NI )%+ -+, I8 23+39*% 49+ /

T (*+47, I8 % ! end

nm if 1<<K'()*+47. GJJ7.549+ G begin
innin23+3+4'('4 8L '()*+,-+. $9&C23+39*,49+ $v&M/
Hms)6.76'('4 18 0/

T ()*+47. 18 O/

i end

i if | <K<<K'()*+47. GJJ7.549+ GG5)6.76'('4 18 %
i end

mum

i reg ! " D$Y&!":3*A=497+.) 8%

i reg ! " ??$%&INQB7+ 8%

i always ! H<posedge !=:4=>6?#@AB G begin

i if 1<9; G begin

mnnnnnnms)(+.@42.! 18 0/ !

HHHHIHII245) (+.1 18 194!

Hnnnnnm24),.321 18! %

523+ 3! 181%"' // initial write data = 0
NN 322)! I819% ! // initial read address = 0

NN end
I else ! begin
T if <,9* 88
Y if

IIIII||I|IllIIIII||IIIIlIIIII||III||||IIII|IIII|':3*A:497+_)

lock cycles between write
I T

if

if

1
THEEEEEEE TR e r e

IIIII||III||IIIII||III||IIIII||IIIl|||III||III||':3*A:497+_)

RN aanay|

& begin
<5)(+(7N d begin
if <K.@;+- d begin //when fifo has no info, don

18 0/
18 % !
18 %
I8 00:3*A=497+.) | //2"5 ¢
if 1<"3*A=497+.) 88%d begin
18 0/
18 0/
18 N(37+ C0/
18 249+6'('4 /
end
end
end
<).32(7N d begin
18 %
18 O/ 1mm
end
I <*=377(7N CGoegin
18 %

if 1<,9+P d)322) 18 N(37+ —*5(+=A "
else 1)322) 18 *5(+=A " P$%&/
end

$U&/

end
else ! begin ! //busy

if 1<B)(+(7N Goegin
18

end
end
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end
end
assign led = ~{writing,reading,busy,writemode,doread,dowrite, empty,switch[0]
}i
wire [63:0] data in display;
assign data_in display= { ,raddr[22:0],frdata,datatofifo};
display l6hex display l6hex (power_on reset, clock 27mhz, data in display,
disp blank, disp clock, disp rs, disp ce b,
disp reset b, disp data out);
flash manager flash(.clock(clock 27mhz), .reset(switch[4]), .dots(dots), .wr
itemode (writemode), .wdata(wdata),
.dowrite(dowrite), .raddr(raddr), .frdata(
frdata), .doread(doread), .busy(busy),
.flash data(flash data), .flash address(fl

ash_address), .flash ce_b(flash ce_b),
.flash oe b(flash oe b), .flash we b(flash

_we b), .flash reset b(flash reset b),
.flash_sts(flash_sts), .flash byte b(flash
_byte b), .fsmstate(fsmstate));
assign analyzerl data = ;//frdata[15:0];

assign analyzerl clock =

assign analyzer2 data =

assign analyzer2 clock =

assign analyzer3 data =
addr[3:0]};

assign analyzer3 clock = ;//clock 27mhz;

assign analyzer4 data = ;

assign analyzer4 clock = ;

~e ~e ~eo ~o

//{busy, writemode, dowrite, doread, wdata[7:0], r

// //ALL THE FLASH STUFF OMG THIS IS THE WORST

// reg [15:0] wdata;

// reg [15:0] wdataold;

// reg writemode=0;

// reg dowrite;

// reg [22:0] raddr; // address of where we want to read from flash (playing fr
om flash)

// wire [15:0] frdata; //data being read

// reg doread; // tell flash to read from memory

// wire busy; // flash is busy, don't read/write when asserted
// wire [11:0] fsmstate;

// wire dots;

// wire writing;

// wire reading;

// wire scanning;

// assign scanning= switch [5];

// assign writing = switch[7];

// assign reading = switch[6];

// assign led = ~{writing,reading,busy,writemode,doread,dowrite,switch[1:0]};
// reg [17:0] bromaddr=0;

// wire [15:0] memdata;

// photoholder brom(clock 27mhz,bromaddr, memdata);

// reg isdouble=0;

// reg [5:0]flashcounter=1;

// always @(posedge clock 27mhz) begin

// flashcounter<=flashcounter+1;

// if (up) begin

// writemode <=1;

// dowrite <= 0;

// doread <= 0;

// wdata <= 0; // initial write data = 0
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I HSVoVott & () 11"+ *$-"H $%6"$%6%0H.//""(

I +%

rm——_ 10y %4

I *2304/5"(6"0.1%+

I *Q37H#* *+16"0. 1%+

I 7#*,.89%.&")

I %0#.$%&'()

I *0"30-$/:<04+, #"(6"0.1%+

e ——————————— %97#*,.&'()

I *2"304#08$%6064#8& =((6"0#98$%%#8 : >0408$
%%%H)
I

1 ~1."0.1%+

1 %97#*,.&")

[ —————nsgpmmmsnn, 7%$,$&'8.8%3%,%)

1 +%

1 +%

1 *23#.$%*+16"0.1*+

1 T#*,.89%.8&'()

1 %9#.$%8& ")

I *232#%3$,5?" =@ ;AAAAL "# %% H& #S% Yo H>!)
1 +%

1 *2"3/<$++*+160.1*+

1 7#*,.89%.8&'()

1 %9#.$%&")

1 #$5%%H#&'[7*,<;B:C(D)

I 4%

1 +%

1 -1."0.1*+"1104/5

1 11*2"37%$,$B:EC(D"8.8%%,$B:EC(D6"%97#*,.&'()
1 +%

"7 "B=FC(D"%$,$G*+G%*/H-$5)

$//*1+"%8, $G*+GY6*/H-55"10#988%04#B::C(DJB.8%S, $I#SU#BFC(DIT%S$ $92#96$, $K)
gk - $5G =) L0 H-$5G:=;.L"3HO7 #G9+GH#./.,J"<-9<MGNO8;PJ"%$, $G*+G %*/H-$5J"
ook 1 E0-$+MI % HG<-9<MI %4 HGH#/J % * HG<.GO0J
gk UG - GOJ"%HHGY%S$,$G94,6)
1
) & G8$+$L.4#2-$/;3Q<-9<M3<-9<MGNOS;P6J"QH./.,34H61"Q%9,/3%9,/6J"Q7#*,.89%.
374, 89% 6J'Q704%,$37%8,36)"

Q%97#*,.3%97#*,.6J"Q#$%%#3#$%%#6J"Q2#%S$,$3
2#%$ $6J"Q%9#.$%3%9#.$%6J"Q04/5304/56J"
Q2-$/,G%$,$32-$/,G%$,$6J"Q2-$/,G$%%0#.//32-
$/ G$%%#.//6J"Q2-$/,G<.G032-$/;,G<.G06J"
Q2-$/;,G9.G032-$/;G9.G06J"Q2-$/;G7.G032-%/;
G7 G06J"Q2-%/;G#./.,G032-$/;,G#./.,G06J"

Q2 -$/,G/,132-$/;G/1,/163"Q2-$/;G05,.G032-$/;
G05,.GO6J"Q2/8/,$,.32/8/,$,.66)

g1 +"$+$-5P.#:G%3$,$" =@ % ()1 2#%3$,$B:EC(D)

n"$/*1+"$+$-5P . #:G<- 9<M'"" @0:)

g/ 1+"$+$-5P #NG%S$,$"":=@;()

g/ 1+"$+$-5P #NG<- 9<M"‘" @0:)

g/ 1+"$+$-5P . #FG%S$,$"""104/57"7#*,.89%.J"%97#*,.J"%9#.$%J"7%3$,$BOC(DJI"#$%%#BFC
(DK)

" $/*1+"$+$-5P #FG<- 9<M""'< -9<MGNO8;P)

g/ 1+"$+$-5P . #RG%3$,$"":=@;()

" g/*1+"$+$-5P #RG<- 9<M"‘" @0:)

endmodule

N"LS1$C'T.+.#8$,."UVTW"%*/H-$5"/*1+$-/"3:(NR"L"O=X"Y"=(ZP6
1l

Y
11899%4-."LS1$3*+H4,"S<-9<MJ

i HA v "B (C(D"<94+, I ITHAL 480 H"O+ <At +," .
94, H4,"#.1"B[C(D"S<94+,J""II"-*+."+480 #

Q4 44 v 1"S[5+<;/5+<J0-$+M6)
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I

S 06& () +, - /" 08 12+3")$)*+

"1 4830++5"-67/"0812+3"02%"+&(2

11""06 28" HO+*(:;<9+*(:=

"> 862" #35(?$(;#35(?$@ @ ;#9%6232);#9+*(:$(=

1" *3388("HO+*(($("A"BH#?$C()"AA"-67.D="""
1m*338,8("#35(?$("A"B#?$C()"AA"-6/ED=
I"+338,8("#35(?$@@"A"B#7$C()"AA"--F.D=
11"*33&8("#96232)"A"B#?$C()"AA"-./.D=

I

111 206)& 7%+ "FBG"+&(23")$)*+

11148 30+*5 EGF"+&(23

1"">8062"<35(?$(;<35(?$@ @;<%232);<9+*(:$(=

1" 33&8("<9+*(:$("A"H%232) "H"B<?$C()"AA"EGED="""
11"*338.8("<35(?$("A"#%232)"H"B<?$C()"AA"EEGD=
11"+33&8("<35(?$@ @"A"#%232)"H"B<?$C()"AA"EF7D=
11"+33&8("<%232)"A"#%6232)"H"B<?$C()"AA"F6ID=

I

352" (4"9+*(:&(8

1">8062"(21) JHO+(:;(21)I<9+*(:=
1"*3388("(21)JHO+* (A H%232) "K"6" "HO+* (:B("K"-", "HO+*(:=
11"+33&8("(21)J<9+*(:"A"<%232)"K"6" "<9++(:$("K"-","<9+*(:=
e >*53"| B0$32482"<?+$2:D"9288&(

o C () MA #9%232) K6, "#2$C()"N"-=

I 9++("MA"(21)JHO+*(:=

35 (P MAH35(2$('K 6", "#35(?2$@ @"K"-","#35(?=""1"+?)&<2"+$>
I

I 2$C () MA"H%232) 'K B<%232)"K"6","<?$C()"N"-D","<?$C()=
[ 4 (IMA(21)J<9+*(:=

e 352 MAT<35(?$("K"6","'<35(?$@ @"K"-","<35(?=""1"*?)&<2"+$>
I

g 1 (MA"(21)J<9+*(:"O"B(21) JHO+*(:"H"P#%232) D=
124

112(4Q$4C+2
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‘timescale  1ns / 1ps
T T AT va

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"/ '4."0'4 *""""56+76+78"591:919:5"
!!n0.<_'(n:|%.~kn
!!">$?@A.":|%.* |||||||| ,|@<<_|(u

1"B/$C.D4"="%.*"
I""E'/,.4"0.F-D.<*"
IMESSA"F./<-$(<*"

1"0.<D/-&4-$(*' GY&A.%.(4<"(?"&&A-.<""HIH"J @<<-'("KA@/"4$" ("-(&@4"%'4/-I"$2
rm——— FA@.<L"M@4&@4<"N —K-4"KA@//.?"OJPL"B-& A-(.?"Q-4R"H"<4", <L
I

11"0.&.(?.(D-.<*"
I
"0, F-<-$(*"

I1"0.F-<-$(":L:5" —"S-A#.'4.?
I"T27-4-$( A"#$%%. (4<"
I

module gaussian (
input clk , rst

"/ 2"DR'((A

input alr , alr , a2r ,
input : arr , pix_r , a3r ,
mput a6r , a5r , adr ,
m/.("DR' ((A

input a0g , alg , a2g ,
input : a7’g , pix_g , a3g,
input : abg , abg , a4g ,
I"KA@."DR'((.A

input :0] aOb , alb , azb ,
input : arb , pix_| b , a3b ,
input abb , abb , a4b
m.K's$@ 4&@4

output [ 7: 0] rgb_out
);
m"J@<<-'("HIH"3./(.A
e U"5"9"5"V
"515;"y"9"8"9"Vv
" U"5"9"5"V
I"KA@/".'DR"DR'((.A"<.&'I'4.A)W

mw A4DR ?"-(&@4"FA@.<
reg aOr q , alr g , a2rq , a’r.q , pix.rq , a3r.q , abr_q , a5r_q , adr_

reg : alg_q , alg g, a2g_q , arg_q , pix_g_q , a3g_q , aég_q , adsg_q , a4g_q
reg : aOb g, alb q, a2b g, atb g, pix b g , a3b g, a6b q, a5b q , a4b q ;
"-(4./%. ’?-4 "<S@%"FA@.<

reg r sum q ;

reg : g_sum_q ;

reg : b sum q ;

/.,-<4.1.?2"3$@4&@4<

reg : r_out_q

reg : g_out_q

reg : b_out_q

assign rgb out = {routqgq , goutq ,boutqg }

always @(osedge clk ) begin
I"DA$D3"5*"A'4ADR"-(&@4<

1"/, 2"DR'((.A

{aOr_q, alr g , a2r g } <= {a0Or, alr , azr };
{a7r g, pixrq , a3rq } <= {a7r, pix_r , a3r };
{abr q, abr q , adr q } <= {a6br, a5r , adr };
mJ/.("DR'((.A
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{a0g_gq, alg_g, a2g_g} <= {alg, alg, a2g};
{a7g_4a, pix_g_g, a3g_g} <= {a7g, pix_g, a3g};
{abg_q, a5g_gq, ad4g_g} <= {abg, abg, adg};

// blue channel

{a0b_q, alb g, a2b g} <= {a0b, alb, a2b};
{a7b_g, pix b q, a3b_g} <= {a7b, pix b, a3b};
{a6b_qg, a5b_g, a4b g} <= {a6bb, a5b, adb};

// clock 2: multiply by kernel values

Page 2

r sum g <= alr_g+(alr g<<l)+a2r g+(a7r_g<<l)+(pix_r g<<2)+(a3r_g<<l)+abr_g+(abr_

g<<l)+adr_q;

g_sum_g <= alg_g+(alg_g<<l)+a2g_g+(a7g_qg<<l)+(pix_g_qg<<2)+(a3g_g<<l)+abg_g+(a5g_

g<<l)+adg q;

b sum g <= a0b_g+(alb g<<l)+a2b_gt+(a7b_g<<l)+(pix_b g<<2)+(a3b_g<<l)+abb g+(a5b_

qg<<l)+adb qg;
// clock 3: divide by 16
r out g <= r_sum (| 1;:
g out g <= g sum g[6:4];
b out_g <= b_sum ¢ 1;

end

endmodule
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“timescale 1lns / lps

module graphicsmaker (input pixel clk,

input [10:0] x,hcount,
input [9:0] y,vcount,
input [1:0] graphic,
output reg[23:0] pixel);
reg [8:0] image_ addr;
wire [8:0] image mem;
wire [ :0] image bits;
reg [7:0] mem iter=0;
reg [7:0] hdelay=0;
reg hcountold;
reg vcountold;
reg [/:0] ;
reg [23:0] color;
reg [7:0] = 7
always @(posedge pixel clk) begin
case(graphic)
:begin
image addr<=0; //Crown
<= ; //height in memory of the COE
color<= ; //gold
end
:begin
image addr<= ; //Sunglasses
<=44;
color<= ;//jet black
end
:begin
image addr<= ; //Mustache
<=38;
color<= ; //dark brown
end
:begin
image_ addr<= ;//Safari Hat
<=97;
color<= ; //green brown
end
endcase
hcountold<=hcount[0];//for check when hcount changes
vcountold<=vcount[0]; //for check when vcount changes

if (vcount==y) mem iter<=0;
if ((~(vcount==y))&&(vcount[0]!=vcountold)&&(vcount>y)&&(vco
unt< +y)) mem iter<=mem iter+1;
//if we are within range and vcount has changed. then go get
the next line in memory

if ((hcount[0]!=hcountold)&& (hdelay!= ) && (hcount>=x)&& (hco
unt<= +x)) hdelay<=hdelay+1;

//if we are within range and hcount has changed. then look a
t the next pixel

if ((hcount[0]!=hcountold)s&&(hdelay== ) && (hcount>=x)&& (hco
unt<= +x)) hdelay<=0;
//need to reset so it doesnt wrap
if (graphic==0) begin
if ((mem_iter<=16)&&(image bits] —hdelay[7:0]]==1)
) pixel <= ; //red for jewels
else if ((mem iter>= )&& (image bits]| —hdelay|
11==1)) pixel <= ;//Slightly sarker brim
else if (image bits| —hdelay[7:0]]==1)pixel <= col

or; //check for zero or one. see if we should assign color
else pixel <= ;

end
else if (graphic==1) begin
if ((mem_iter>=7&&mem iter<=28)&&((hdelay>=52&hdelay

<=96)| | ((hdelay>= &&hdelay<= )))&&(image bits| —hdelay[7:0]]==1)) pixel <=
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; //make

or;

) pixel <=

or;

assign image mem=image addr+mem iter;

differnt black so Diana can alpha blend
else if (image bits| —hdelay|[

else pixel <=
end
else if (graphic==3) begin
if ((mem_iter>=63)&&(image bits]
; //brown string

else if (image bits|[ —hdelay]|
else pixel <= ;
end
else begin
if (image bits] —hdelay|[ 11==

else pixel <= ;
end
end

ic graphic and the iterator
graphics rom graphicholder(pixel clk,image mem,image bits);

endmodule

Page 2

]]1==1)pixel <= col

—hdelay|[ 11==1)

)pixel <= col

11==

)pixel <= color;

//combination of the offest for specif
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‘timescale  1ns / 1ps
T T AT va

"H$0%6& ()"
"+(,-(./*"0-'("1$23
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1"#/.'4."0'4.*""""56*56*56"65!76!5768"
11"0.9-,(":'%.*"

" §<=>."106 4, [192'>."

" @/$A.24":'%.*

!!"B'/,.4"0.C-?.9*"

II"B$$>"C./9-$(9*"

110.97/-&4-$("DU6&> %6.(49"23(C./9-$("2/$W"EFG2$>8/"4$",/)97'> H
""""""""""""""" @-&.>-(.<"I-4J"K"94',.9H

||

1"0.&.(<.(?-.9*"

I

II"E.C-9-$(*"

I"E.C-O-$("THT6"  —'L->"#/.'4.<

"M <<-4-$(>"#5%6%. (49*"

I

TRCEREEREE R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

module grayscale (
input clk , rst
input  [7:0] r_in , g_in , b_in
output [7:0] r_out , g_out , b_out

"H$(C.19-$("2/$%"EFG"2$>$/"4$" [197'>.
II"EFGN,/)O"P"7H5QRQE"S"7HTRU7F"S"7TH66V7G

localparam R = "7H5QRQ

localparam G = ; "7HTRU7

localparam B = ; n"7H66V7

reg [7:0]r0_q, g0 q, b0 q; ">'4?2J.<"-(&=49

reg [15:0]rl g, gl g, bl q; 1"%=>4-&>- <"W)"E!FIG"%=>4-&>-./9
reg [7:0]1r2q, 929, b2q; n"/.,-94./.<"$=4&=49

"$=4&=4"99-,(%.(4
assign {r_out , g out , bout } ={r2q, g2qg, b2q}l

always @(osedge clk ) begin

n"?2>$73"6*">'42J"-(&=49
{r0Og, g0 g, b0q} <={rin , gin , bin }

1"2>$23"5*'0p=>4-&>)"W)"E!FIG"%=>4-&>-./9
{rlg,9lqg,blqg} <={Rr0_qg, G*g0_q, B*b0_qg};

11"2>$23"K*"<-C-<."W)"5T8"(<"'<<

r2_q <=rl g [15:8] +9l g [15:8] +bl g l;
g2_q <=rl g [15:8] +9l g [15:8] +bl q| ]
b2_q <=rlq [15:8] +9l q[15:8] +bl q| ]

end

endmodule
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n"

1"H#]'4."0'4.*"""5 6+ 7 7*78"9916:1569;"

1"0.<-, ("="%.*"

II">$?@A."='%.*"""B<C5/,D"

I"E/$F.GA"="%.*"

11"H'/,.4"0.C-G.<*"

I"HSSA"C./<-$(<*"
11"0.<G/-&4-$(*"#$(C./4<" I IK"C'A@.<"-(4$"LMN"C'A@.<O"#$(C./1<-$(" @<.<"$(A)
roms_04 oy ABOE-&.A-(.?"P-4B"96"<4',.<O
1

11"0.8.(?.(G-.<*"

I

"L C-<-$(*"

I"L.C-<-$("6069"  —"Q-A#/.'4.?
I"R?2-4-$('A"#$%69%. (4<*"

I
ii|||||||III||||||||||Il|||||||||||||||||||||III||||||||||||||||||||||||||||||||||

module */&01234 5
***% - jnput *)6 7
*EE jnput *2&" 7
*E% nput *89:; <* 7
*EE - jnput *89:; <*&7
**kk - jnput *89:;<*07
ek output *89:; <*27
*ex output *89:; <*37

*ek o output *89: ; <*4
*hkk =
*kkkkkkkk

woex 1" JK"4$"LMN"G$(C./<-$("@<-(,"-(4.,./"%'4B

ok 1A $/-4B%").2.1.(G.?"2/$% " 2$AASP-(,"<$@/G.*

ok 11"BA4&HIP.DO%-40.?@!<4$/D$/,|E@DA-G!B<C4$/,D0OG

*kkk

oo 1"A'4GB.?"-(&@4<

ook reg %80 <}2@ 7*&2@7*0?@>

*kk*k

ook rag *BA | <*BY%P2%3HC,2@> R 11"2-C-2."B@."/'(,."-(4$";"].,-$(<"S5TTLU
woxraq * 80 <*B%?2%$(#,E%2?2@>* 11" %'-(2./"$2"B@.V/.,\W7

ek rag * 89 <*B%?2%$(#,E%21DD?2@** "B@.V/.%'-(?./X;Y"-("Z6*5TT["/'(..

Kkkk

G I S L R "B@.X;
*kkk reg * 8 <*/B%?&B$?@**************** ””W?XB@V/,'$(
Kkkk

ek 11"4.9%&$/'/)"C'I-'DA.<

R reg *8+D:; <*?2@ 7*@;7@7*"?@ >
RE - reg *8+D: ) <HA?2@ T*@+7@F"+?@ >
*kkk reg * 8 X <*.1?@ 7*@17@*u17@ >
- reg *8+D: < A?@ T*F@QA?@*'A?@>

*kkk

w12 AN ?"<-, (A<

*kkk reg * 8 <*/+’)@ 7*/1’)@ >************************************* ”"')A')')'IB@

ik reg * 89 <*E&H?@7*&1L?@7*&A? @7 *&G? @ *&D? @ *FFFHHHdkkkkkkkckdokk "2 A").?2"<'4@/'4-3(

Rk reg *89: ; <*0+?@7*01?@7*0A?@7*0G?@7*0D?@7*0F?@7*09?@7*0H?@>* 1"?.A").?"C'A@.
Ak reg *8A; <*23+?2@ 7*/231?@ 7*23A?@ 7*/23G?@ 7*/23D?@ 7*/23F?@ >* 1"?.A").?"B@."/.,-$(
*kkk

ik I"A'AGB.?"$@48&@4"'C'A@.<

Ak reg * 89 <*27@7*3?@7*4?@>

*kkkhkkkkk

ok 11'$@4&@4"<<-,(%.(4<

Bk assign X1 27*3 7*4 JX KX | 22@7*3?@7*4?@J>

*kkk

***x  always *L5posedge *)6 =*begin

Frrkkk11-2"S/<4U"D.,-(

w11 (?"A<."D.,~(

*kkkkk

ek I"GA$G3"9*"A'4GB"-(&@4<Y".<.4"GS@(4./<

FRk | [2@7*&?@7*0?@J* MK | [ 7*& 7*0 J>

weeek I"GASG3"5*" % @A4-&A)
FRRRRRED@* VK N 2@ >
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1 " #5%& 1($%E& ' 1)$%E& * ! +, | " #%& (%& ' 1)%& *-

WL UHSOHE™ ("H)$H"™+ ", /%0

1111#./%0/1234%&! +, #5%8&65789:-

I /% %&! 1 | @H#5%&6%5789:-

WL HA%E I(A%E& ' DA%E ™ |+, 1 " #$%& 1($%& ' 1)$%& *-
WL I"HS%HE"1("H)$H"-,2)/03, -

I1111#./9%0/;B24=/0%&.! +, HA%&! —W1%( %8 -

WL " (2%& 1)2%& * |+, 1" (A%& )A%& *-

HIN#01$%&!  +, 1#./%0/1234%8& -

i
) "#$%#&"4("2+$5/6$7"-,2)/03, -
H11#./9%0/;B24=/0ACC%&! +, 1 51 @#./%0/;B24=/0%& -

I " (5%& N)>%& * !+, 1" (?%& 1)?%& *-
IIH01A%&! +, #O1$%& -

1T

NI IHS%HES (") $H#+$)5,"5,26%-)-7")-1);$,8
HIND7%&!  +, ! 1 1(>%8& -

HIN&T%&!  +, #./%0/;B24=/0ACC%& -
WINE7%&!  +, ! | —1#./%0/;B24=/0ACC%& -

W " (C%E& NC%E&* ! +, 1" (5%& 1)>%& *-
INI#012%&! +, HO1A%&-

L IHSOHE<

INNID$%E&!  +, NC%E&! @D7%&

INN&S%E!  +, (C%E&! @&T%E-

INES%&!  +, I(C%&! @ET7%&-

N)5%E&!  +, NC%&-

NH01>%&! -+, 1#012%& -

W I"HS0HE"=

INIDA%S&!  +, ID$%&

NNEGA%&!  +, ! | —1&$%&65C80 -
INNEA%&!  +, | | —IES$%&65C89:-
NF%&!  +, 5%E& -

II#01C%&! -+, 1HO1>%& -

[

I HSOHE">

IID?%&!  +, IDAY%&

NIN&?%&!  +, NF%&! A&A%E

IE?%&!  +, )F%&! QEA%&

N)9%E&!  +, 1)F%& -

IN#015%&!  +, 1#01C%&-

T

M IHS%HE 2@ ("%+56+5")$+,8

M case | G¥015%&H

I e 8! begin

HIHIII0%E&! +, 1)9%& -
I %&! +, IE?%&65C89:-
L&) +, ID?%&6$C8: -
NI end

i mmr 8! begin

HIHIT0%&! +, 182%&65C89: -
I %6&! +, 1)9%& -
I %&! +, ID?%&65C89:-
EERINTITY end

I e 8! begin

HIHIHIIO%E&! +, ID?%&65C89:-
I 068! +, 1)9%& -
%8 +, IE?%&6$C89:-
TN end

I 8! begin

HIHIIIT0%E&! +, ID?%&6HC89: -
I %&! +, 182%&65C89:-
U %&) +, 1)9%& -
ITTINTINTIT end

i mmr 8! begin

HIHIIT0%&! +, IE?%&65C89:-
I %6&! +, ID?%&65C89:-
N %&! +, 1)9%& -
TEERINTITY end!

i default ! 8! begin
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i end

endmodule
111
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"/ '4."0'4 *"""56+78%79"7 7156156 79"

0., (":'%.*"

I"<G=>2." 0 X (@ /4"

II"A/$B.CA":'%. *"

1"D'/..4"0.@-C.:*"

"D$$?" @ /- $(*"
11"0.:C/-&4-$(*"E%&?.%.(4:""(.,'4-@."2-24.IF"E(@./4:"GHI"@'?>.:F"7"C)C?."=.?")F
I

11"0.&.(=.(C-.:*"

I

I'G.@-:-$(*"

I'"G.@--$("6F67"  —"J-2."#.4.=
1"K==-4-$("2"#$%69%6.(4:*"
I

RN

module *#,/%0" 1

*R* o nput *)2  3*0&" 3

ik jnput *45678*09#, 3*:9#, 3*9#, 3
*eEk - output *45678*09<=" 3*:.9<=" 3*9<="

** >’?

*%

** reg *45678*09<="9@ 3*:9<="9@ 3*;9<="9@ ?
**

** always * Alposedge *)2 >*begin
#%09<="9@* BC* *—*09#, ?

Rk Q<="0@* BC* H—*OH, 72

R Q<="9@* BC* H—*OH#, 72

** end

*%*

** assign *| 09<=" 3*:9<=" 3*9<=" J*C*| 09<="9@3*:9<="9@ 3*;9<="9@ J?

endmodule
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module *)#,%/012* 34parameter * 9+: %4
*kkk input *‘); <*:&" <

*rkjnput * > —+?OA* #BY%)#, <

*EE - output * > —+?2OA(@<*(+ <*C <

Rk gutput *> —+?20A*(D <*#B <*(E <
ko gutput * > —+?2OA*(F <*(G <*(H

x|

*kkk

= 1#N13%  *K.(=($LMK

*%

A" FALA-("C@22./<

** reg * > —+?2OA)E#, %+ > —-+?@Al
** reg *> —+? OA* M, %C* > —-+? @Al
** reg * > —+? OAY)#,%E* >C? @Al

*%

** 1",,-<4.1.?2"$@4&@4<

** reg * > —+?2OA*(@/0 <*(+/0 <*(C/O <*(D/O <*#B/O <*(E/O <*(F/O <*(G/O <*(H/O |
*%

o 'S @AL@A"<<-,(%.(4<

* assign * P(@<*(+ <*(C Q¥ 9* P(@/O<*(+/0 <*(C/O QI
** assign *P(D<*#B <*(E QF 9* P(D/O <*#B/O <*[E/O QI
** assign * P(F <*(G <*(H @ 9* P(F/O <*(G/O <*(H/O C*|

*%*

** integer *#+ <HC<HE|

**

** always * R4posedge *); : *begin

*%

FRRk1M<K-24"A(.:

R for *A#+9+] *+ S | ¥+ O#+T+: *)#,%+ >H+A* SO)#,%+ >#H+—+Al
VR Yo+ >OAF SOF)H,%C > —+Al

*kkk

Fk1"<K-24"A-(.5

Rk for *4#CO+| *#C S | *#C O#HCT+: *)#,%C >H#HCA* SO*)#,%C >#C—+Al
VR WC  >OAF SO¥)H,YE >CAI

*kkk

Fk1"<K-24"A-(.6

ik for *A#E9+| *#E SEI *#E O#ET+: *)#,%E >H#EA* SO*)#,%E >#E-+Al

IR WE  >OA* SO*#B%)/E, |

*kkk
*kkk '|mu.umuu.nmnn5

*kkk !!"I",LJ"""éL'P""""'G
*kkk !!lllll8lllllllIl9l|l||l|||7||||

*kkk

Rk P(@/O<*(+/0 <*(C/O QF S9* P)#,%+ > —+A<#,%+ > —CA<#,%+ > -EAQI
*xx P(D/O <* #B/O <*(E/O QF S9* P)#,%C > —+A<E,%C > —CA<#,%C > -EAQ
|

% P(F/O <*(G/O <*(H/O QF S9* P)#,%E >CA<)#,%E >+A<*)#,%E >0AQI

*kkk

** end

endmodule
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‘timescale  1ns / 1ps
T T AT va

"H$%& ()"
"+ ( - (.. /40-("1$23"45-(678%-9:.5;<
"

1"#.'9."0'9 ¥ == k> =X > == @=| @A=T"
11"0.B-,("C'%.*"
I"D$5;E."C'%. """ %'-(F2B%"
II"G/$H.19"C'%.*"

11"J'/,.9"0.K-1.B*"

" I$SE"K./B-$(B*"
11"0.BI/-&9-$(*"D'-("LMD"2$/"9N."B)B9.%:
I

11"0.&.(5.(I-.B*"

I

11"0.K-B-$(*"

I"0.K-B-$("A:A=" —"L-E."#/.'9.5
I1"P55-9-$('E"#$%%. (9B*"
I

module main_fsm (
input clk , rst
input sw_ntsc
input enter
input store_bram
output [ 2: 0] fsm_state
output sw_ntsc_falling

);
‘include "param.v"

reg [2:0] fsm_state g = ;
reg [2:0] next_state ;

assign fsm_state =fsm_state q ;

I"QCGRJI"MQSCPT"+0S+"0+J+#JQUC
I

RN A]|

II"E'9IN.5"B-,('EB"2%$/".5,."5.9.19-$(
reg sw ntsc d g , enter d q , store bram d q ;

n"5,."B-,('E"5.1E'/'9-$(B

wire sw_ntsc_rising ;. I"BVF(9BIF2'EE-(,W" -X"("$;9&;9
wire enter_rising , enter_falling ;
wire store_bram_rising , store_bram_falling X

11".5,."5.9.19-$("2%/"(9BI"BV-9IN

always @(osedge clk ) sw ntsc d g <=sw_ntsc ;
assign sw_ntsc_rising =sw_ntsc && !sw ntsc d q ;
assign sw_ntsc_falling = lsw ntsc &&sw ntsc d q ;

1".5,."5.9.19-$("2%/".(9./"Y;99%(

always @(osedge clk ) enter d g <=enter ;
assign enter_rising —enter && !'enter d q ;
assign enter_falling = lenter &&enter d q ;

"5,."5.9.19-$("2%/"Y/'%"BV-9IN
always @(osedge clk ) store_bram_d g <= store_bram ;

assign store_bram_rising = store_bram && ! store_bram_d q ;
assign store_bram_falling = | store_bram &&store_bram _d_q ;
N T T T T LT TR LA

I

"MJPJ+"JOPCMQJQUCM

I

always @(*) begin
case (fsm_state q )
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I mng E SLOM™B/$99"41."9B/..(G"N("41-9"&/$A.B4J"41-9"%$<=>."-9
prm— (B4 'A% 4 EA™ (<" ['&1-B9",.(./'4$/"%$<=>.9G

I

11"0.&.(<.(B-.9*"
1

11"0.2-9-$(*"

I1"0.2-9-$("8G85"  —"P->."#/.'4.<
1"Q<<-4-$(>"#$%%. (49*"

I

module *$/0%1 2

*rE - jnput *)3 4*1&" 4

% input  *$/0%5%, 4

Rk input *6. 4*7/8, 4%)%9" 4*1#:;" 4
Rk jnput *0&<,' 4

Rk nput *=+>?>@;5/99&%" 4

Rk gutput *=+>?>@A5./& 4

*rk output *=B?>@<5./&

** CD

**

14 967% *E.(1($FOE

**

** [1"CL."&'['%.4./9"F >$K"4'3."- (43" BBS$=(4"4-%-(,"<.>")9"2/$%"4]."&/.B.<~(,

** |1"0p$<=>.9"L.G,G"B$>$/"9&'B."BS(?./9-$("%$<=>.9"-%",.".(I'(B.%.(4AMG"RS;N:"-9
** 11"$229 4"4$" (9=/."4I'4"RS:N:"BS//.0&$(<9"4$"41 "4$&"> 24%$94"&-E.>"$("9B/..(G

**

** 11"0-0&>')"/."2$/"%$?.%.(4"<.2-(.<"4$"F."L8TET6USJI"8T) TUVSBMG

*%*

= 1S/-WS(4'>"&$9-4-$("&'/'%.4./9

** [I>$B">&'['%"RS;N:"X"1S$229.4Y" -Z"B'([4"<$"41-9\

** |ocalparam * * K* D

** 1I>$B'>&'['%"RSN:NC"X"RS;N: Y""II"-(-4-'>"E -B$$/<-('4.
*%

** 11"? [4-B'>"&$9-4- $("& /‘% 4./9

** |ocalparam * D

** |ocalparam * * K* D

** localparam * % K* D 11" (-4-">") -B$$/<-('4.
*%

= 11"< 4.B4"2'>>-(,".<,."$2"?9)(B

** reg *0&<,'5T D

** always *UZ2posedge *)3 C*0&<,'5T* VK*0&<,’ D

*%

** wire *0&<,'59()#,: D

** assign *0&<,'59())#,:* K* 20&<," WKRO&<,'5T Cr XX*20&<,* KKK CD
*%

** 11"/.,-94./.<"$=4&=49"L-(- 4"4$"'&&/$EG"B (4.M

** reg *=+>7>@A5./&5T* K*

** req *=B?>@<5./&5T* K* D

**

** 11"$=4&=4"99-,(%.(49

** assign *\ A5./& 4*<5./& ]*K*\ Ab./&5T 4*<5./&5T D

**

** 11"<.4./%-(."KL.4L./"B=//.(4"LEJ)M"-9"-("<.2-(.<"<-9&>")"/."

** wire *A5./&5#,5T#&.* K* 2A5./&* "K*5/99&%" C+ XX* 2A5./&* \* CD
** wire *<5./&5#,57#&.* K*2<5./&* "K* T XX+ 2<5./&* V* CD

*%

** always *U2posedge *)3 C*begin
wkf *21&" C*\ AB.J&ET 4*<5./&5T ] *VK*\ ;5/99&%" 4* D
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m else lif 1" #$%&'()*++,&-! .. JO#1(1& 2! begin

i "#$"%&" ()" *+(",-"&,-..-)"*0-/1-,2")*" (*/1#(03"*/1-,+#.-2")4%./"5-,/#6'7

"&* HIH*("&H#8-T

i if 1"34! .. 15607&! .. 1%(40%(,&(6,$4  219%(40$(8! 9:!" %(40%$(8! :: ! 21 ?219%(40$(8! @%(
40%(8 - D

nmeif 1" 607&! .. 15341 . 19%(40$(,&(6,$4  219%(40$(8! 9: ! " %(40$(8! :: ! —A221 ?1%(40%(8!

@%(40%(8 G D

i #$"7-$/"()" #0L/",-"&,-..-)"[*0-/1-,2")*" (*/1#(03"*/1-,+#.-2"")4%./"1* #9

*(I'7"&* (" &#H8B-7

i it 1"+1)H! .. I51-JH! .. 'K(40%$(,&(6,%4 2IK(40$(8! 9: ! "K(40%$(8! :: 1J(0)$1H 2! ?IK(40%(

8! @K(40%(8 - D

e f T LJHE L T5+DH! L IK(408(,&(6,$4  2IK(40$(8!  9: ! " K(40%(8! !t —A221 21K(40%
(8! @K(40%(8 G D

m end

Il end

I
endmodule
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FSM_IDLE . next_state

(sw_ntsc_rising ) ? SEL BKGD: FSM_IDLE;

SEL_BKGD . next_state (‘enter_rising ) ? COLOR_EDITS:

(sw_ntsc_falling ) ? FSM_IDLE : SEL BKGD
COLOR _EDITS : next_state

(‘enter_rising ) ? ADD_EDITS :
(sw_ntsc_falling ) ? FSM_IDLE : COLOR_EDITS

ADD_EDITS . next_state ( store_bram_rising ) ? SAVE TO BRAM

(sw_ntsc_falling ) ? FSM_IDLE : ADD_EDITS
SAVE TO BRAM : next_state

(‘enter_rising ) ? SEND_TO _PC:
(sw_ntsc_falling ) ? FSM_IDLE : SAVE_TO_ BRAM

SEND _TO _PC ! next_state = (sw_ntsc_falling ) ? FSM_IDLE : SEND_TO_PC
default . next_state =fsm_state q ;
endcase

end

always @(osedge clk ) begin

if (rst ) fsm_state <= FSM_IDLE;
else fsm_state q <= next_state ;
end

endmodule
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I
"H#$968"" ()*+,-.)/0

11"12)&""™ 3 -450 -67

11"89):5;"'</"=:92(>"?$+:92(>@A$)/&BIC

I

II"DE2AF%&"G5;"H<I"J/KKK"%2.L$)"*:5M$(>":5M")5"F;&F2;&"4IN="B2)2
II"OG;5A"P20$&;Q*'B&+5B&;R")5".&"%52B&B"$()5"):&"STI"USH"G5;"0$B&5
I"B$*F9%2V/

I

1":&"STI"AGAS;V"$*"WJ" $)* MSB&X"M&"5(%V"9*&" W, " $)*'5G"):$*Y")5
11"%)5;&"Z" V) &*"5G".%2+L —2(B —M:$)&"$()&(*$)V"B2)2"G5A"):&"4IN=
I"0$B&5"$(FI)/

I

I"TO>"GSE"P5(2):2("[/"H2$%52"2\FA2$%52 @A$)/&BIC

11"12)&"""" KK —H2V-6]""1I">F:"A5B"KKIW!,6KK

I

IR

II"T9>"BI&")5"ARAS;V"A2(2>&A&()" M$%%" &"GSE&B/"<)" 2FF&(*".&+29%&
11"):&"A&AB;V"2BB;&**$(>"F;5)5+5%"$*'5G G". &) ME&& (" ()*+,-.)/0"2(B
11"0;2ANBS*F%2V/0/"1:&;&"2;&", "*5%9)$5(*'

" —"#$E"):&"A&AS;V"2BB;&**$(>"$("):$*" A5BI%&"0(&2)"2BB;&**$(>"F;5)5+5%R
112 (B B5"A&AS: V" G5;&+2%)"$("0;2AB$*F%2V"A5BI%&/

" —/"15"(5):$(>"$("):$*"ASBI%&"2(B"B5"A&AS; V" G5;&+2*)"$("0; 2A"BS$*F %2V
""" A5B9%& " OB$GG&;&()"G5;&+2%)"+59()R"M:$%&"+9))$(>"5GG";&2B$(>"G;5A"
II""2BB:&**06YBY6R/

I

I"TO>"$("):$*" ASBOE"+29*&*"Z " FSE&Y"5("):&";$>1) AS*) *$B&"5G"):&"+2A&;2
11M)5".&"%)5:&B"$("):&"2BB;&**"):2)". &%5(>*")5"):&"%&G)A5*) *$B&"'5G"):&"
"% & (]

15

"<("):$*" &E2AF%&Y"):&" *&+5(B"A&):5B"$*"9*&B/"4_|<=D"M$%%".&"F;50$B&B
"5("):&"+;9+$2%"*59,+&"5G"):&".9>/

I

"[;&F2;&"B2)2"2(B"2BB;&**"02%9&*")5"G$%%"STI"A&A5;V'M$):"4IN="B2)2

module ntsc_to_zbt (clk , velk , fvh |, dv, din , ntsc_addr , ntsc_data , ntsc_we );
input clk : V)& A "+9%5+L
input vclk ; I"0$B&5"+%5+L"G;5A"+2A&;2
input [2:0] fvh ;
input dv ;
input [ 29: 0] din
output [ 18: 0] ntsc_addr
output [ 35: 0] ntsc_data ;
output ntsc_we ; "M;$)&"&(2.%&"G5;"4IN="B2)2
parameter =
parameter =

11" &;&"F9)"):&"%IAS(2(+&"B2)2"G;5A"):&"()*+"B&+5B&;"$()5"):&";2A
I1"):$*"$*"G5;"K6,2" "3aa"bc8"BS*F%2V

reg [9:0] col
reg [9:0] row

reg [29:0] vdata =
reg vwe ;
reg old_dv X
reg old_frame : "G;2A&*"2;&"&0&(""5BB"$()&;%2+&B
reg even_odd ; I"B&+5B&"$()&;%2+&B"G;2A&")5"):$*"M$;&
wire frame =fvh [2];
wire frame_edge =frame & -~old_frame
always @ (posedge velk ) dd=K"$*":&G&:&(+&
begin
old_dv <=dv ;
vwe <=dv && !'fvh [2] & ~old_dv ; !"$G"B2)2"02%$BY"M;$)&"$)
old_frame <=frame ; !19*&B")5"B&)&+)"G;2A&"&B>&
I5("G;2A&"&B>&Y"G%$F"&0&("5BB
even_odd =frame_edge ? ~even_odd : even_odd ;

it (! fvh [2])
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( fvh [2] && Ifvh [1] &&dv && (col < 640)) 2 col

(I fvh [ 2] &&fvh [0] && (row < 480)) 2row + 1
. vdata

ntsc2zbt.v
begin
col <=fvh [0] ? COL START:
row <=fvh [1] ? ROW _START
vdata <= (dv && 'fvh [2]) ?din
end

end
"#$%8&'()%*+,"-*."#$#.,/"&0)&1
reg [9:0] x[1:0], y[1:0];
reg [29:0] data [ 1:0];
reg we [1:0];
reg eo [ 1:0];

112,03$"45$523.35-,5,)"6$"7"&0)&1"&$&0,#

’

always
begin

end

@@posedge clk )

{x[ 1], x[ Oy <= {x[0O], col }

{y[ 1], y[ O} <= {y[0O], row}

{data [ 1], data [ 0]} <= {data [ 0], vdata }
{we[ 1], we[ O]} <= {we[ O], vwe};

{eo[ 1], eo[ O]} <= {eo[ 0], even_odd },

1"28,"2,.,&.%)%")%"-(*.,",%360,"#*8%30
reg old_we ;

wire we_edge =we |
@@posedge clk ) old we <=we]l1];

always

reg
reg
reg
reg

3:
3:

—r——r—

always
begin
x_delay
y_delay
we_delay
eo_delay
end

39: 0] x_delay
39: 0] y_delay

0] we_delay
0] eo_delay

@ ( posedge

<= {x_delay [29:0], x|
<= {y_ delay [29:0], y [
<= {we _delay [ 2: 0], wi
<= {eo_delay [2:0], eo

[1] & ~old_we ;

ck )

11"&)/9:.,"322(,##".)"#.)(,"23.3"*%
wire [ 8: 0] y_addr

wire [9:0] x_
wire [ 18:0] myaddr = {y addr [ 7:0], eo_delay [3], x addr [9:0]};

reg
reg

wire ntsc_we

=y delay [38:30]
addr =x_delay [ 39:30];

[18: 0] ntsc_addr ;
[ 35: 0] ntsc_data ;

assign ntsc_ we =we_delay [ 3];

@(posedge clk )

if ( ntsc_we )
begin

always

end

endmodule

ntsc_addr
ntsc_data

11"%.#&;.);+6.

<= myaddr ;
<= {5b0 , data [ 1]}

+

1

. row |

. col

’
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‘timescale  1ns / 1ps
RN ARl

"H$%68&'()*"
1"+(,-(./"0-'("1$23
"

"% '4."0'4 """ 56*57+78"5518918:5:"

nm"o.<-,("='%.*"

N">$?@A."='%.*"&'['%"

I1"B/$C.D4"="%.*"

I""E'/,.4"0.F-D.<*"

IMESSA"F./<-$(<*"
11"0.<D/-&4-$(*'0.2-(.<"F'A@.<"2$/"F/-$@<"<)<4.%"&'%.4.1<G
I

11"0.&.(?.(D-.<*"

I

"H . F-<-$(*"

I"H.F-<-$(":G:5" —-AH4.2
1"J22-4-$( A"#$%%. (4<*"

I

"0-<&A")'B''%.4./<

parameter H MAX NTSC= 11'd640 ; 1"2/'%."<-K."$2"=EL#"D'%./"-(& @4
parameter V_ MAX NTSC= 10'd480 ; 1"2/'%."<-K."$2"=EL#"D'%./"-(&@4
parameter VGA HCOUNT MAX 11'd1056 ; 11"2$/"6::M;::".<$A@4-$(
parameter VGA VCOUNT MAX% 10'd628 ; "2%/"6::M;::".<SA@4-$(
parameter XVGA HCOUNT MAX 11'd1344 ; 11"2$/"5:8NMO;6"/.<SA@4-3(
parameter XVGA VCOUNT_ MAx= 10'd806 ; 11"2$/"5:8NMO;6"/.<$A@4-3(
"L>"L4'4.<

parameter FSM _IDLE = 3'b000 ;
parameter SEL BKGD= 3'b001 ;
parameter COLOR_EDITS= 3'b010 ;
parameter ADD EDITS = 3'b011 ;
parameter SAVE TO BRAM= 3'b100 ;
parameter SEND_TO_PC= 3'b101 ;

I"PHJ>"L4'4.<

parameter BRAM IDLE = 2'b00 ;
parameter CAPTURE_FRAME 2'b01 ;
parameter WRITING _FRAME= 2'b10 ;
parameter READING FRAME= 2'bll ;

"P'D3,/$@(?<

parameter PARIS = 3'b000 ;
parameter ROME= 3'b001 ;
parameter AMAZON= 3'b010 ;
parameter LONDON= 3'b011 ;
parameter NO_BKD= 3'b100 ;

"Q/'&R-D<

parameter MUSTACHE= 2'b00 ;
parameter SUNGLASSES= 2'h01 ;
parameter SAFARI_HAT = 2'b10 ;
parameter CROWN= 2'b11 ;

N"#$(<4'(4<
parameter CUSTOM_TEXT MAXLEE 20;

"-A4.I"E)&.<

parameter SEPIA = 3'b000 ;
parameter INVERT = 3'b001 ;
parameter EDGE= 3'b010 ;
parameter CARTOON= 3'b011 ;
parameter GRAYSCALE= 3'b100 ;

"B-&.A-(."L4',.<

parameter YCRCB2RGB_ DL 4;
parameter RGB2HSV DLY= 23;
parameter THRESHOLD DLY= 1;
parameter HSV2RGB _DLY= 10;
parameter ENHANCE DLY= 1;
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parameter INVERT_DLY = 1;
parameter SEPIA DLY = 4,
parameter GRAYSCALE DLY= 3;

parameter LINE_LEN = VGA_HCOUNT_MAX
parameter LINE BUF DLY = LINE LEN*2 + 3 + 1;
parameter SOBEL OP DLY= 4;

parameter EDGE _DET DLY= 1;

parameter GAUSSIAN DLY= 3;

parameter SOBEL_DLY= GRAYSCALE_DLY+ LINE_BUF_DLY + SOBEL_OP_DLY+ EDGE_DET_DLY

"H$%&" &(&)(*+,
parameter GRADIENT EDGE THRESHOL® 15d50 : I"-+."/0&()1"-*2(&."&-&)(
parameter CARTOON EDGE _THRESHOE£D15'd100 ; I"-+.")3.(++,"*2(&."&-&)(

1"45,)"&235"6327&/
parameter SYNC DLY= YCRCB2RGB _DL¥+ RGB2HSV_DLY+ THRESHOLD DLY+ HSV2RGB_DLY+ ENH
ANCE_DLY+ 1;

parameter SYNC DLY SEP= SYNC DLY+ SEPIA DLY;

parameter SYNC DLY INV = SYNC DLY+ INVERT_DLY;,

parameter SYNC DLY_GRY= SYNC DLY+ GRAYSCALE DLY

parameter SYNC DLY SBL= SYNC DLY+ SOBEL DLY 11"3882*&/"(+"9+(1"/0&()1"3,$")3.(++,
"*2(&."&--&)(/

parameter  MAX_SYNC_DLY= SYNC_DLY_SBEL 1I"3;"<"+-"/(3%8&/"*,"8*8&2* &$"$&/*%,

N"=>?@"4(+.3%&

1183.3:&(&."ABCDD4#E"F"4GHIB'JGK™"""""II" A" .&$&-*,&$"3/")+,$*(*+,32"3/1*%, &, ("*,"
M9(BNOOOB/3:82&

parameter V_OFFSET= 10'dO ;

parameter H MAX DISPLAY = 11'd640 ; "-+"/(+.3%&"*,"=>?@

parameter V_MAX DISPLAY = 10'd400 ; "-+."/(+.3%&"*,"=>?@
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"#.'4."0'4 *"""55+56+78"771781597:"

1"0.:-, (<%, *"

I"=$>2@."<'%.*""&-A.@B;.@"

II"C/$D.E4"<'%.*"

"FY/,.4"0.G-E.;*"

I"FS$@"G./-$(
I1"0.;E/-84-$(*"C-A.@";.@.E4$/"%$>?@.H"I(;4'(4-'4.;" (>"-(4./ES((.E4;"4J.
rem—EG @&/ &'E "ES(G./5-$("%$>?@.;K"4J."-%',." (J'E.(%.(4" (>
rem——"0_@) 4 [* 22 E4:"%$>?@.;K""L.@@";"4."4.AL"(>" ['&I-E;
I8 e (F4-$('%$>?@.;H CISE. .2, ["M244$(" (>":L-4EJ"-(&?4;
s @ E4:'$24&24"NOP"&-A.@; "EES/>-(, @)H

1

10,8 (> (-

l“Q G_ _$(*u
1"Q.G-;-$("9H9 7" ER-@."#.'4.>
1"P>>-4-$( @"#$%%. (4;*"

1

module *.#/%)0&%)* 12parameter * DS =*2
Rk nput *)>  ?2*@%&YE

Rk 1MA'4

4% nput * A B<C'D&$0&" ("% ?

Rk nput * A+B<C'E@($0&"("% *?

Fekk "9 " L-4ED.,;

% jnput *&F0,"&' ?

Rk input *&"G@Y%0E@($

ok input  *%,H(,'%0%, ?

% input *D#)"%@&0%,?

Rk input  *"%/"0%, ?

ik nput *l@(.H#&0%, 7

% input  *$GJ%0"%/"0%, ?

Rk input  *$GJ%01@(.H#'&0%, 7

ok jnput *K&"G$0"%/"0%, ?

w1 "M?44%(;

Rk nput *K. ?*LGF, ?*)%D" ?*@#IH" ?

R nput  *&%)%™M< ?*&%N)%M+ 7*&%N)%™;  ?7*&%)%™MM ?
% nput *A; B<C'E(>I@GK,L ?

Rk I"E?;48%"4.A4", (

% input * ANB<C* K$0'H(@ ?

% input *H(@O0(@@(00@LO

*rkjnput * A PQérB<C*H(@0(@@(O?
e I"&-A.@"G'@7?.;

% nput * AR B<CrJ@0.#/%) ?

*rknput * ASB<C'E@($OLGK"?

ik jnput * A MB<CFJ@OE>ILO'G)G@ ?

%k 1I"NOP"4-%-(,

Rk jnput * A+<B<C*H'GK," ?

ik jnput * ARB<C*J'GK," ?

*EE jnput *E)(,>  ?

% nput *H&O,' ?

Rk jnput *J&O," ?

% nput  * A+<B<C*HOGDD&%?

Rk nput  *#,0L#&.)(O0E@($ 7

ok 1I'NOP"$?74&74;

*% output * A;MB<C*#/%)0GK" ?

k- output *E)(,>0GK" ?

k- output *H&O,'0GK™" ?

*% output *J&O,'0GK" ?

Rk output * A+<B<C*"%/"0/0.G& ?

Rk output * ARB<C*'%/"'000.G& ?

% output * A+<B<C*@(.H#'&0/0.G& ?
% output * ARB<CHI@(.H#'&000.G& ?

ek 1" A"S>-,&@")

*% - output * ASB<C"H@0@(,1% ?*HO"H@?*&0"H@?*J0"H@ ?
Fk1"-0%",." (J'E.%.(4

Rk output * ASB<C*&0GDD&%?*JOGDD&%™?
% output *&OLA@?*JOLE@?
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M IH$%&"$% % () +,$

M output " #SY&I()(*+(,-./)+(0 1
I output " 2$Y&1()(*+(,-30456/*

Il 78

I

9/ (! <5404=>7<

I 1-*&96"./012"$%'%()%345*")%&6™ 1"#$%3"*,"3%) %&7*,*,8"5*")%&"7+3#' %™ 9) %, (:"

<#)

N wire " #@$%&1?34-03A-B;+ 8T 1I"(+,,9%()%3")+"=>?"<*@ %" +#)<#)
I

I "AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
Il 1I"BC&CD")+"E>F"C+,G%&$*+,

I 1I"AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
I

I wire " #@$%&1?0-5/C()-*B)BO 8

n

ID*0*A#03AID*0*A#03A-*B:? E

nmr >EMr E?0-5/C() " #C$HY&T

nre >HOM  E?0-5/C() " 2C$2%&71!

- >HAI E?0-5/C() " C$U&71

mee s E?0-5/C()-*B)BO " A#@$2] &71!

ne >k E?0-5/C()-*B)BO " 2L $IVET71!

n >N E?0-5/C()-*B)BO " CHU&71

mr >xpi E9p 711
mr - >0+l E ]
m 78

I IMAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
I M"ESFY)+"HI="C+,G%E&$*+,

I "AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
I

I wire 1" #@$%&!5/C()-6'?-B;+ 8
Il wire " #C$%&AP3,-6'?-B;+ 8

I

I03A#6'?103A#6'?-*B:?2 E

- >*B*P E*P 71!

m >0((+ EO((+ 71

m - >0E?0-5/C()-*B)BO " #@$2J&71!
m >3E?0-5/C()-*B)BO " 2L $N&T71!
m >AE?0-5/C()-*B)BO " C$%&71
m  >6E5/C()-6?-B;+ "HOB2JI &71!
- >' E5/C()-6'?-B;+ " 2L$M&T1!
m  >?E5/C()-6'?-B;+ " OBY&T
78

I

II03A#6'?103AH#6'?-*B:?# E

- >*B*P E*P 71!

m >0((+ EO((+ 71

m - >0E?0-AP3,-*B)BO " #@$2J&71!
m >3E?0-AP3,-*B)BO " 2L $NV&71!
m  >AE?0-AP3,-*B)BO " C$%&71
- >6EAP3,-6'?-B;+ " #(@$2J&71!
mr - >' EAP3,-6'?-B;+ $NV&T1!
m >?EAP3,-6'?-B;+ " C$U&7

78

I "AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
I IMHI=")+"E>F'C+,G%&$*+,

I I"AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
!

Il wire 1" #@$Y&I5IC()-6'2-/: 8
Il wire |" #@$98I5/C()-03A-B;+ 8
I

116'2#03A16'2#03A-*B:? E

M >¥P EXP 71!
>0+ EO((+ 71

M >6E5/C()-6'2-/: " @2 &T1
M > E5/C()-6'2-/: " 2L $NV&T71!
M >?E5/C()-6'2-/: " O$Y&T71

I >0E5/C()-03A-B;+ " /@2 &71!
M >3E5/C()-03A-B;+ " 2L $IET71!

M >AE5/C()-03A-Bi+ " CBU&7

&"+#)



pixel_out.v

I "#

Page 3

W B HH R

I "$%&()  &+"$'(-./0/12

W VAR R R

1
Il wire 1$%&()*+,-*().$%  #
Il wire 1/ 012341956*$%&*7.

1'11"345"6)78+."()09%"0%&+.%%'7:.
#

I N /21)7")77'/12"8.+&."0™):<8.0"345"0%&+.%%'7:.

Il wire 1)8975.*.%8& ! 1<=5(*5).1 ;! ¥
I

$%6&'()*+,-1$%&()*+,-E <

e ESGHIIII <$G+'H

e E&S. I <&5, "H

e Fes-gi <65-:$ "H

M F%56*$%&*1: 1IN <JIK,G*%56*7. "H

TR = ATITTRTIITIIN <7J"H

e EgIL <g'L: "H

e FG, =1 <G,=. "H

M F&IMY%. I
M F)8975.*.9%&* : 11!
W F&):M, I

W Foex (I

W ESE (I

e Eex (U

M Fo%56*$%&*'7. 111!
M F$%& ()*+,-*().$%!

nm"#

!

Il wire 1/ 01234IN+M8*JIK,G*'7.]
!

I wire '/ 012341$%&*JIK,G*'7.

I 1)../21"9%8&7?-/>+77'80"@"A9%&'()?=+,7()09%B"C"DEF%GHIIII"J"%.6?79%&?'80K
21%56*$%&*'7. #

Il assign 1$%&*JIK,G*'7.! ;

<&IM%."H
<)8975.*.%&*: "H
<%&*&):M, "H
<%6*.%&'H
<5*.9%8& "H
<6*.%& "H
<0656*$%&*'7. "H
<$%&'()*+,-*().$%

C1<N)$+M&'7:8! ;! 11 Q
L "906&!() &+ +"-/>+7

| <$%&'()*+,-*0.$% ! QN+M8*JIK,G*7.!

W R R R B B R R R R B R R R R R

Il 1ML()2+"M19%)19+(+10

I B HHH R R

Il /21)7")77/12"8.+&."0™):<8.0".)08&)0/'1") 1:"N&/2%01+.."6) 78+.

Il wire 1,:%):$,*75,&*:*,:!
I

11,:9):$,!,:%):$,E <
e ESGH

me - E&S.

M F:%):$,*,:1mmmm

M F:%):$,*75,&*1:*,:!
- FLE$*5).7&).1:0m

I F8,$*5).7&).1:11!
- FL$*N&IM%.:,55!11
m F8,$*N&IM%.:,55!!!
e Fo56*; 11

e Fo%56* 7.1

my - E5*'==5,1mim

- Fe*'==5, 1

mr E5*gl&N

me Fe*gi&N
n"g

L 1:%):$,%,:! TTH<=5(*5).! ;!

<$G+'H
<&,5,. "H

<65-:$ "H
<,:9%):$,*,: "H
<,:9%):$,*75,&*:%,; "H
<73"H
<8'L: "H
<&IM%."H
<G,=. "H
<$%&*JIK,G*'7. "H
<JIK,G*%56*: "H

<5%==5_ "H
<6%==5, "H
<5*81& "H
<6*81& "

W AR AR A R AR

I 11"/70+&"MOO+90.

W R R R R B R R P B R R R R T

I

I wire !/
1

2341IK,G*=1G.,&,8

I j21)7)77/12"8.+&."0™.+7+90"0/70+&"+O0+90

Il wire 1=1G.,&5*75,&*1:*,:!
I

1=1G.,&5!=1G.,&5E <
e ESG+Im
N E&S. I

; 1=1G.,&5%,!! TT! <=5(*5.).,! oo !

<$G+'H
<&,5,. "H

#1 1I"-/>+7"80-80")0O0+&"0O/70+&"+0O0+90.

I 2IN+M8*%56*'7. #
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L #$9%& () +IINIIN HS%&(OF+ -
" #$%E& (M) (F$+++111 | HS%& M) (S )
Yooy ' )%'0&1 -

M )op0&21Hn %082 -

M )op0&3NHn %083 -.

)% 0&4NIIIIN ' )%'084 -

" 5OG/+&IIIII ' 506/+& -.

M 706/+&NIn ' 706/+& -.

I (89*$+IIIIIIII |$%4(89°6/& -

W (89*6/&IIIIINI | SrHSR (< -

M E%& (NI V0608 <HE%N& (-

I =

U
Il 1"$96&" ()%*+,-

R e T e e T
I

Il 1"$%&™./)%0%1'

Il wire 1&,&*>67*'+79%' @&";&*'+! AA>B7*&" ;&> +! AAL | #)>*)&?&'!

I

1>67'(1&';&*>67'( :

e " o%eHMIN - 0%H.

mee Q& ()& -

M "SE7 4 &L&*>S67*+729%' -.
e -

" <el+ , <6l+ -.
e " opH&I , Yo'H&-.

me v ($85&!M! , ($85& -.

e 730N 7)3+0 -

- "5*6##)'&! | 5*6##)'& -
mr o yxe)in , &';&*;*:6) -
e " J=e)in , &';&*J*:6) -
I =

I N"$%¢&"2*/334,5*
Il reg ! K34L1M&"&*0(6))5?%(*:$;'%*N =
Il always ! O, posedge !0%H- ! begin

Q@

mroif 1, &&*+!  AAl,, 506/+&! @E@&';&*;*:6) -1 PP, 706/+&! @ @&';&*J*:6)
Mme"&*0(6))5?%$(*:$;'%*N! Q@ =

m  else 1&";&*0(6))5?$(*:$;'%*N! Q@ =

Il end

M 1"$%&"6%1%*,'5/1
I wire ! K34L1IM&';&*8'+*:$;'% =

I

IN&($+8>?H( U, 185848+
I T O%HIINIE | 0%H.

TR L &L&*F6) -

I "506/+&IN | 506/+& -.

e gmun L &5&*I*6) -

mr " 706/+&!MM , 706/+& -. !

m " 9?0H8(6/+<! , 9?0H8(6/+< K2LI1M-.
me " +/>052(1N , +>*05?( -.
meoee<Jumn L 052(*2((23%(<d  -.
me & (($+8nl , 052(*?2((?3 -

me " oNH&e>1 , 0N&6>*&"&*'+ -
e "ag:oeln , &:&*8'+%:$;'% -

I =

R e
I n"e*,74583"()%*+,-

W AR AR AR
I

I n"6*,74583"./)%0%1'

Il wire 18(?2:5$0)*>67"*'+29%! @8(2:580)*+!  AAI>E7*8(?2:5$0)*'+!

11>67'(18(?2:5$0)*>67'( ,

M TO%HI | 0%H.

e & (& -

M "SE7FH | 8(2:580)*>67"+29%' -.
THTRENATIIY -

W <G <6+ -

AAL | #)>4)&28&!

o@
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M HS%&IN ! #$%E&)

TR Y11 R o)

neotjo12im 012 ()

" -34%0%/$&! ' -34%%/$& ()

I "5364/M1 ' ¥76-+2/35364/ ()

I 0364/ ' *76-+2/30364/  (

Il (8

I

IS8 ()" +$, ' %6($

Il reg ! 9 <=>|*¥76-+2/32*4//-7+*36+5$#37 8

Il always ! @'posedge 12#A (! begin

meif 1t *76-+2/3%1! BB " -24C1&! DD,*76-+2/35364/ ('EE ' .24C1&! DO,*76-+2/30364/ (((
I *76- +2/32*4//-7+*36+5$#37! FDI 8

m - else 1,*76-+2/32*4//-7+*36+5%#37! FD! 8
Il end

I

I N"#$%E&'()*"#-.-$%!(,.

Il wire 19:; <=>1*76-+2/3,$136+5%# 8

Il wire ! 9J<=>1*76-+2/3/$# 8

I

Il reg ! 9J<=>!*76-+2/3/$#37?! D! =8

Il assign /$#$2&$K3,*76-+2! D!,*76-+2/3/$#3? 8

I

I always I @'posedge 12#A (! begin
DO

mrif 1" %/L3/&7&9! (R BBI/$#$2&= (!,*76-+2/3/$#37?! FD! 8
mroif 1" 9%/L3/&7&$! DO (R BBI/$#$2&J (!,*76-+2/3/$#37?! FDi 8
mrif 1" 9%/L3/&7&$! DO (R BB/$#S2&: (!,*76-+2/3/$#37?! FD! 8
mrif 1" %/L3/&7&$! DO (R BBI/$#$2&; (!,*76-+2/3/$#37?! FD! 8

Il end

11 *76-+2/L7A$*!,*76-+2/3,%$1

e " e+5$#32#AI ' 2#A()

i 5 ' *76-+2/35364/ 0

" "-24Cc1&in ' -24C1&()

mro O!!!!!!!!!! ' *76-+2/30364/ 0

" 24c1&i '.24C1& () !

nmr " A76-+2111 " ISHB2&BK3,*76-+2 ()

mo 6+5$#!!!!!! ' ¥76-+2/3,$136+5%# (

Il (8

I

Il 11"00000000000000000000000000000000000000000000000

Il 11"1-2963"43.)"4(5.%2*"64'(7/"8-5(*/-$*9

Il 11"00000000000000000000000000000000000000000000000

11

L1143 )" (<5 (5. %25 % $-"=-2%3-="(." $=-$"1,"I%>-"(/,"%)),?./
188 2(.-=" %0/ 2%-" 7"%22" 7" -"(<%5-"8S,)-**(.5"<,=22-*@"["-
I 11"2- 51" 7°)-"=-2063"$-A2($-="=-&-. =", "B'()"7(2/-$"(*"*-2-)/-=C

none- 2%3*"%$ "=-7(-="("T- "&%$%</$*"7(2 " &'8%$%<CD
1

1 (7/"$-5(%/-$*"'%/")%."%)),<,=%/-"2, .5-*/"&, *(E2-"=-2%3

Il reg ! 9=<=>1-/0123/-+%&3*$, 9 e]<=>8

Il reg ! 9=<=>1./0123/-+%&3*$, 9 é]<=>8

Il reg ! 9=<=>1 #71A3/-+%&3*$, 9 é]<=>8

Il integer !+ 8
I

Il always | @'posedge !12#A (! begin

1M-/0123/-+%&3*$, 9=>IFD-/012 8

M./0123/-+%&3*$, 9=>! FDL/012 8

M #71A3/-+%&3*$, 9=>1 FDI_#71A 8

m

m for ' +DJ8+ F 8!+ D+ J( ! begin
1MM1-/0123/-+%&3*$, 9+>! FD!I-/0123/-+%&3*$, 9+ é1>8
1NN1./0123/-+%&3*$, 9+>! FD!./0123/-+%&3*$, 9+ éJ>8
M- #71A3/-+%&3*$, 9+>! FDI_#71A3/-+%&3*$, 9+ ¢éJ>8
1 end

Il end

I

I 1"00000000000000000000000000000000000000000000000
I N"F2/&2/1"#;"G(H-2

I 11"00000000000000000000000000000000000000000000000
1l

Il 1" D-$29%68&(.5"&(H-2*1"/-H/"J"5$%&'()*"3" 7 (2/-$-=1&$,)-**-="&(H-2
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// text and graphics are generated separately on a white background, so the
// non-white pixels correspond to the text and graphics being overlayed

assign vga _rgb out = (text en && (text gen pixel != )) ? text gen pixel

(graphics_en && (graphics_gen pixel != )) ? graphi
cs_gen pixel : pixel filtered;

reg [23:0] pixel out q; // registered output

wire [23:0] bram dout 24bit = {bram dout[7:5], ;bram dout[4:2], ;bram dout]

1/ }i

always @ (posedge clk) begin
// 1f reading from BRAM and displaying stored data, display 24-bit BRAM output
// otherwise, if reading from BRAM and transmitting data to PC, display black sc
reen
// otherwise, display VGA RGB pixel or the start splash screen

if ((bram state == ) && ! (fsm_state == ))
pixel out g <= in display bram ? bram dout 24bit : ;
else pixel out_g <= sw_ntsc ? : (fsm_state == ) ?
vga_rgb out;
end

// Output Signal Assignments
assign pixel out = pixel out g;

// FhAdkdddddddddddddddddddbddddddddddddddddddddddrdtt

// Delay Sync Signals (Assignments)
// ER R o R o o o o o o o o o o o o o i o o o o

// VGA sync signals are delayed according to which filter is selected.

assign blank out = (!filters_en) ? blank shift reg[ -17 =
(selected filter == ) ? blank shift reg[ -1]
(selected filter == ) ? blank shift reg[ -
! (selected_filter == ) ? blank_shift reg]
o (selected filter == ) ? blank shift reg[ -1]
(selected filter == ) ? blank shift reg[ -

blank shift reg[ i

assign hsync out = (!filters en) ? hsync_shift reg]| =171 :
(selected filter == ) ? hsync_shift reg| -1]
(selected filter == ) ? hsync_shift reg| -
: (selected filter == ) ? hsync_shift reg|
o (selected filter == ) ? hsync_shift reg| -1]
(selected filter == ) ? hsync_shift reg| -

hsync_shift reg] =113

assign vsync_out = (!filters_en) ? vsync_shift reg| =17 =
(selected filter == ) ? vsync_shift reg| -1]
(selected filter == ) ? vsync_shift reg| -
: (selected filter == ) ? vsync_shift reg|
- (selected filter == ) ? vsync_shift reg[ -1]
(selected filter == ) ? vsync_shift reg| -

1
vsync_shift reg| -11;
endmodule
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//
// File:  ps2 kbd.v
// Date: 24-0ct—05

// Author: C. Terman / I. Chuang

//

// PS2 keyboard input for 6.111 labkit
//

// INPUTS:

//

//  clock 27mhz - master clock

//  reset - active high

//  clock - ps2 interface clock
//  data - ps2 interface data
//

// OUTPUTS:

//

// ascii

8 bit ascii code for current character

// ascii_ready — one clock cycle pulse indicating new char received

L1777 77 77777777777 77777 777777777777 777777 77777777/ 77777/ /77777 77777777/

module ps2 ascii_ input(clock 27mhz, reset, clock, data, ascii, ascii ready);

// module to generate ascii code for keyboard input
// this is module works synchronously with the system clock

input clock 27mhz;
input reset;
input clock;

// Active

high asynchronous reset

// PS/2 clock

// ascii code (1 character)
// ascii ready (one clock 27mhz cycle active high)

internal combinatorial ascii decoded value
last keycode

current keycode

ascii output (latched & synchronous)
synchronous one-cycle ready flag

keyboard read request
keyboard data
flag: no keyboard data

input data; // PS/2 data
output [7:0] ascii;

output ascii_ready;

reg [ 1 ascii val; //
reg [7:0] lastkey; //
reg [ ]  curkey; //
reg | ] ascii; //
reg ascii ready; //
// get keycodes

wire fifo rd; //
wire [7:0] fifo data; //
wire fifo empty; //
wire fifo overflow; //

keyboard data overflow

ps2 myps2(reset, clock 27mhz, clock, data, fifo rd, fifo data,
fifo empty,fifo_overflow);

assign fifo rd

reg key ready;

always @(posedge clock_27mhz)

begin

// get key 1if ready

~fifo empty; // continous read

curkey <= ~fifo empty ? fifo data : curkey;
lastkey <= ~fifo empty ? curkey : lastkey;
key ready <= ~fifo empty;

// raise ascii_ready for last key which was read

ascii_ready <= key ready & ~(curkey[7]|lastkey[7]);
ascii <= (key ready & ~(curkey[7]|lastkey[7])) ? ascii val : ascii;

end

always @(curkey) begin //convert PS/2 keyboard make code ==> ascii code

case (curkey)
ascii val
ascii_val

//A
//B

Page 1
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ascii val = H //C
ascii val = ; //D
ascii val = ; //E
ascii val = H //F
ascii val = ; //G
ascii val = ; //H
ascii val = H //I
ascii val = ; /7T
ascii val = ; //K
ascii val = H //L
ascii val = ; //M
ascii val = ; //N
ascii val = H //0
ascii val = ; //P
ascii val = H //0
ascii val = H //R
ascii val = ; //8
ascii val = ; //T
ascii val = H //U
ascii val = ; /v
ascii val = ; / /W
ascii val = H //X
ascii val = ; //Y
ascii val = ; //Z
ascii val = ; //0
ascii val = ; //1
ascii val = H //2
ascii val = ; //3
ascii val = ; //4
ascii val = H //5
ascii val = ; //6
ascii val = ; /77
ascii val = H //8
ascii val = ; //9
ascii val = ; /7"
ascii val = ; /)=
ascii val = : // =
ascii val = H /7 \
ascii val = ; // (space)
ascii val = : /70
ascii val = ; /7]
ascii val = : /7
ascii val = : /7
ascii val = H /7,
ascii val = ; /7.
ascii val = : /7
ascii val = ; // enter (CR)
ascii val = H // backspace

// 8'hF0: ascii_val = 8'hF0; // BREAK CODE

default: ascii val = ; /) #

endcase
end

endmodule // ps2toascii

L1117 7 77777777777 77777 7777777777777 777/ /7777777777 /7777777777

// new synchronous ps2 keyboard driver, with built-in fifo, from Chris Terman

module ps2(reset, clock 27mhz, ps2c, ps2d, fifo rd, fifo data,
fifo empty,fifo overflow);

input clock 27mhz,reset;

input ps2c; // ps2 clock

input ps2d; // ps2 data

input fifo rd; // fifo read request (active high)
output [7:0] fifo data; // fifo data output

output fifo empty; // fifo empty (active high)

output fifo overflow; // fifo overflow - too much kbd input
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reg [3:0] count; // count incoming data bits

reg [9:0] shift; // accumulate incoming data bits
reg [7:0] fifo[7:0]; // 8 element data fifo

reg fifo overflow;

reg [2:0] wptr,rptr; // fifo write and read pointers
wire [2:0] wptr_inc = wptr + 1;

assign fifo empty = (wptr == rptr);

assign fifo data = fifo[rptr];

// synchronize PS2 clock to local clock and look for falling edge

reg [2:0] ps2c_sync;
always @ (posedge clock 27mhz) ps2c_sync <= {ps2c_sync[l:0],ps2c};
wire sample = ps2c_sync[2] & ~ps2c_sync[l];

always @ (posedge clock 27mhz) begin
if (reset) begin
count <= 0;
wptr <= 0;
rptr <= 0;
fifo overflow <= 0;
end
else if (sample) begin
// order of arrival: 0,8 bits of data (LSB first),odd parity,l

if (count==10) begin
// just received what should be the stop bit
if (shift[0]==0 && ps2d==1 && (“shift[9:1])==1) begin

fifo[wptr] <= shift[8:1];
wptr <= wptr_ inc;

fifo overflow <= fifo overflow | (wptr_inc == rptr);
end
count <= 0;
end else begin
shift <= {ps2d,shift[9:11};
count <= count + 1;

end
end

// bump read pointer if we're done with current value.
// Read also resets the overflow indicator
if (fifo rd && !fifo empty) begin

rptr <= rptr + 1;

fifo overflow <= 0;
end

end

endmodule
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SIS/ S S S S S S S SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS S
// ramclock module

LLLLSLLSSSSSSS S S
//

// 6.111 FPGA Labkit —— ZBT RAM clock generation
//

//

// Created: April 27, 2004

// Author: Nathan Ickes

//
;;/////////////////////////////////////////////////////////////////////////////

// This module generates deskewed clocks for driving the ZBT SRAMs and FPGA
// registers. A special feedback trace on the labkit PCB (which is length

// matched to the RAM traces) is used to adjust the RAM clock phase so that

// rising clock edges reach the RAMs at exactly the same time as rising clock
// edges reach the registers in the FPGA.

//

// The RAM clock signals are driven by DDR output buffers, which further

// ensures that the clock-to-pad delay is the same for the RAM clocks as it is
// for any other registered RAM signal.

// When the FPGA is configured, the DCMs are enabled before the chip-level I/O
// drivers are released from tristate. It is therefore necessary to

// artificially hold the DCMs in reset for a few cycles after configuration.
// This is done using a 16-bit shift register. When the DCMs have locked, the
// <lock> output of this mnodule will go high. Until the DCMs are locked, the
// ouput clock timings are not guaranteed, so any logic driven by the

// <fpga clock> should probably be held inreset until <locked> is high.

//
A N N A A A i

module ramclock(ref clock, fpga clock, ram0_clock, raml clock,
clock feedback in, clock_ feedback out, locked);

input ref clock; // Reference clock input

output fpga clock; // Output clock to drive FPGA logic

output ram0 clock, raml clock; // Output clocks for each RAM chip

input clock_feedback in; // Output to feedback trace

output clock feedback out; // Input from feedback trace

output locked; // Indicates that clock outputs are stable

wire ref clk, fpga clk, ram clk, fb clk, lockl, lock2, dcm reset;
L7777 7777777777777777777/7777777/77777/7777777777777/7777777/77777777777777777

//To force ISE to compile the ramclock, this line has to be removed.
//IBUFG ref buf (.O(ref clk), .I(ref clock));

assign ref clk = ref clock;
int buf (.0(fpga clock), .I(fpga_clk));

int dem (. (fpga_clock),
(ref_clk),
(dem_reset),
(fpga_clk),
. (lockl));
// synthesis attribute DLL FREQUENCY MODE of int dcm is "LOW"
// synthesis attribute DUTY CYCLE CORRECTION of int _dcm is "TRUE"
// synthesis attribute STARTUP_WAIT of int dcm is "FALSE"
// synthesis attribute DFS FREQUENCY MODE of int dcm is "LOw"
// synthesis attribute CLK _FEEDBACK of int dcm 1is "1X"
// synthesis attribute CLKOUT PHASE SHIFT of int dcm is "NONE"
// synthesis attribute PHASE SHIFT of int dem is 0

ext buf (.0(ram clock), .I(ram clk));
fb buf (.0(fb_clk), .I(clock feedback in));

ext dem (. (fb_clk),
. (ref_clk),
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//

assign locked

(dem_reset),
(ram_clk),
. (lock2));
synthesis attribute DLL FREQUENCY MODE of ext dcm is "LOW"
synthesis attribute DUTY CYCLE CORRECTION of ext dcm is "TRUE"
synthesis attribute STARTUP WAIT of ext dcm is "FALSE"
synthesis attribute DFS FREQUENCY MODE of ext dcm is "LOW"
synthesis attribute CLK FEEDBACK of ext decm is "IX"
synthesis attribute CLKOUT PHASE SHIFT of ext dcm is "NONE"
synthesis attribute PHASE SHIFT of ext _dcm is 0
dem _rst sr (.D( ), - (ref _clk), .Q(dcm reset),
: )r - ( )r . ( )r . ( )i
synthesis attribute init of decm rst sr is "000F";
ddr _reg0 (.Q(ram0_clock), (ram_clock), .Cl(~ram clock),
.CE ( ), -DO( , D1( ), -R( ), -S( ))
ddr _regl (.Q(raml_clock), (ram_clock), .Cl(~ram clock),
. ( )r - ( )r . ( ), -R( ), -S( )i
ddr_reg2 (.Q(clock_feedback out), .CO(ram clock), .Cl(~ram_clock),
.CE ( ), -DO( ), DI ), -R( ), -S( )) i

endmodule

= lockl && lock2;
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“timescale 1lns / lps

L1177 77 7777777777777 7SS S
// Company:

// Engineer: Kevin Zheng Class of 2012

// Dept of Electrical Engineering & Computer Science
//

// Create Date: 18:45:01 11/10/2010

// Design Name:

// Module Name: rgb2hsv

// Project Name:
// Target Devices:
// Tool versions:
// Description:

// Dependencies:

// Revision:
// Revision 0.01 - File Created
// Additional Comments:

//
VA A A A A A A A N A A A A N A A N A A A N A A A A A A N A A N N A A A N A A A A A A N A A A A A A A A A A A A S A A A 2 4
module rgb2hsv(clock, reset, r, g, b, h, s, v);

input wire clock;

input wire reset;

input wire [7:0] r;

input wire [ 1 g9;

input wire | ] b;

output reg [ ] h;

output reqg [7:0] s;

output reg [7:0] v;

reg [7:0] my_r delayl, my_g delayl, my b delayl;
reg | ] my r delay2, my_g delay2, my b delay2;
reg | ] my_r, my g, my_b;
reg [ ] min, max, delta;
reg [ :0] s_top;

reg [15:0] s_bottom;

reg [ ] h_top;

reg [ ] h_bottom;

wire [ ] s_quotient;
wire [ ] s_remainder;
wire s_rfd;

wire [15:0] h_quotient;
wire [ ] h_remainder;
wire h rfd;

reg [ ] v_delay [19:07];
reg [18:0] h negative;

reg [15:0] h_add [18:07];
reg [4:0] i;

// Clocks 4-18: perform all the divisions
//the s _divider (16/16) has delay 18
//the hue div (16/16) has delay 18

divider hue divl(

.clk(clock),

.dividend(s_top),

.divisor(s_bottom),

.quotient(s_quotient),

// note: the "fractional" output was originally named "remainder" in
this

// file —— it seems coregen will name this output "fractional" even
if

// you didn't select the remainder type as fractional.

.fractional(s_remainder),
.rfd(s_rfd)
)i
divider hue div2(
.clk(clock),
.dividend(h_top),
.divisor (h_bottom),
.quotient (h_quotient),
.fractional(h_remainder),
.rfd(h_rfd)
)i
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always @ (posedge clock) begin

// Clock 1: latch the inputs (always positive)
{my_r, my g, my b} <= {r, g, b};

// Clock 2: compute min, max
{my_r delayl, my_g delayl, my b delayl} <= {my _r, my g, my_ b
}i

if((my_r >= my_g) && (my_r >= my_b)) //(B,S,S)
max <= my r;

else if((my g > my r) && (my g >= my b)) //(S,B,S)
max <= my_g;

else max <= my b;

if((my_r <= my_g) && (my_r <= my_b)) //(S,B,B)
min <= my_r;

else if((my g <= my r) && (my g <= my b)) //(B,S,B)
min <= my g;

else
min <= my b;

// Clock 3: compute the delta

{my_r delay2, my g delay2, my b delay2} <= {my r delayl, my_
g_delayl, my_b delayl};

v_delay[0] <= max;

delta <= max — min;

// Clock 4: compute the top and bottom of whatever divisions
we need to do

s_top <= * delta;
s_bottom <= (v_delay[0]>0)?{ , v_delay[O0]}: ;
if (my r delay2 == v_delay[0]) begin
h top <= (my_g_delay2 >= my b delay2)?(my_g delay2 -
my b delay2) * :(my_b delay2 - my g _delay2) *
h negative[0] <= (my_g_delayz >= my b delay2)?0:1;
h add[0] <= ;
end
else if(my g delay2 == v_delay[0]) begin
h top <= (my_b_ delay2 >= my r delay2)?(my_b delay2 -
my r delay2) * :(my_r delay2 — my_ b delay2) *
h negative[0] <= (my_b_delayz >= my_r delay2)?0:1;
h add[0] <= ;
end
else if(my b delay2 == v_delay[0]) begin
h top <= (my_r delay2 >= my g _delay2)? (my_r delay2 -
my g delay2) * :(my_g delay2 — my_r_ delay2) *
h negative[0] <= (my_r_delayz >= my g delay2)?0:1;
h add[0] <= ;
end

h bottom <= (delta > 0)?delta * : ;

//delay the v and h negative signals 18 times
for(i=1; i<19; i=i+1) begin

v_delay[i] <= v_delay[i-1];

h negative[i] <= h_negative[i-1];

h add[i] <= h_add[i-1];
end

v_delay[19] <= v_delay[18];

//Clock 22: compute the final value of h

//depending on the value of h delay[18], we need to subtract
255 from it to make it come back around the circle

if (h_negative[18] && (h_quotient > h add[18])) begin
h <= — h quotient[7:0] + h_add[18];
end
else if(h_negative[18]) begin
h <= h add[18] — h_quotient[7:0];

end
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endmodule

end

else begin
h <= h quotient[7:0] + h_add]
end

//pass out s and v straight
s <= s_quotient;
v <= v_delay[19];
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“timescale 1lns / lps

L1177 777 77777777 7SS S S
// Company:

// Engineer: Diana Wofk

//

// Create Date: 18:51:21 11/20/2016
// Design Name:

// Module Name: sepia

// Project Name:

// Target Devices:

// Tool versions:

// Description: Implements RGB to sepia tone conversion. Pipelined with 4 stages.

// Dependencies:

// Revision:

// Revision 0.01 - File Created

// Additional Comments:

//

L7777 77777777777777777777777777777777777777777777777777777777777777777777777777777
module sepia(

input clk, rst,

input [7:0] r_in, g _in, b _in,

output [7:0] r out, g out, b out

)7

// Sepia conversion formulas obtained from
// https://www.dyclassroom.com/image-processing—project/
// how-to-convert—-a-color-image—into-sepia—-image

localparam = : // 0.393

localparam = i // 0.769

localparam = ; // 0.189

localparam = ;i // 0.349

localparam = ; // 0.686

localparam = : // 0.168

localparam = ;o /7 0.272

localparam = : // 0.534

localparam = ;7 // 0.131

reg | ] r0_q, g0_g, b0_g;

reg | ] trr_q, trg g, trb qg; // to calculate tr
reg [15:0] tgr g, tgg g, tgb q; // to calculate tg
reg | ] tbr_g, tbg g, tbb g; // to calculate tb
reg | ] tr_q, tg g, tb_g;

reg | ] rf q, 9f q, bf q; // final values

// output assignments
assign {r out, g out, b out} = {rf q, gf g, bf g};

always @(posedge clk) begin

// clock 1: latch inputs
{r0_qg, g0_qg, b0_g} <= {r_in, g_in, b_in};

// clock 2: multiplications
trr g <= r0 gq * ;
trg_ g <= g0_qgq * 7
trb g <= b0_qg * 7

tgr_gq <= r0_gq * ;
tgg_gq <= g0_q * ;
tgb_q <= .

o
IO
Q

*

*

tbr_g <= r0_g ;

tbg_gq <= g0_g ;
tbb g <= b0 _g ;

* ok

// clock 3: divide by 256 and add
tr g <= trr_gq[15:8] + trg q[15:8] + trb qg[15:8];
tg_ g <= tgr_g[15:8] + tgg_q[l5:8] + tgb_q] 17
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tb_ g <= tbr_qgq[15:8] + tbg g[15:8] + tbb _g[15:8];

// clock 4: determine outputs

rf g <= (tr_g < 8'd255) ? tr_q[7:0] : 8'd255;

gf g <= (tg_g < 8'd255) ? tg g[7:0] : 8'd255;

bf g <= (tb_g < 8'd255) ? tb g[7:0] : 8'd255;
end

endmodule
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“timescale 1lns / lps

L1177 777 77777777 7SS S S
// Company:

// Engineer: Diana Wofk

//

// Create Date: 14:44:07 12/02/2016
// Design Name:

// Module Name: sobel op

// Project Name:

// Target Devices:

// Tool versions:

// Description: Implements and applies a 3x3 Sobel operator to an input matrix of
// values. Outputs a gradient value. Pipelined with 4 stages.

// Dependencies:

// Revision:
// Revision 0.01 - File Created
// Additional Comments:

//
L1777 777 777777777777 S S S
module sobel op(

input clk, rst,

input [7:0] a0, al, a2,
input [7:0] a7, a3,

input [7:0] a6, a5, a4,
output [15:0] gradient

)i
// Sobel 3x3 operator

// convolutional masks for Sobel operator
//  Gx = (-101) Gy = ( 1 2 1)
// (-202) ( 0 0 0)
// (-101) ( -1 -2 -1

// labeling of pixels
// ao al az
// a7 pix a3
// a6 as a4

// partial derivatives
// gx = (a0+2al+a2)-(a6+2a5+a4)
// gy = (a2+2a3+a4)-(a0+2a7+aé)

// gradient computation: G = sqrt(gx"2 + gy*2)
// approximation: G = abs(gx) + abs(gy)

reg [7:0] a0 _g, al g, a2 q, a7_q, a3_q, a6 _q, a5 q, a4 q; // to latch inputs
reg signed [15:0] gx q, 9y_d; // partial derivatives

reg [15:0] abs_gx g, abs gy q; // absolute values

reg [15:0] gradient g;

assign gradient = gradient g;

always @ (posedge clk) begin
// clock 1: latch inputs
{a0_g, al g, a2 _qg} <= {a0, al, a2};
{a7_qg, a3_q} <= {a7, a3};
{a6_qg, a5_qg, a4_qgq} <= {a6, a5, a4d};

// clock 2: compute partial derivatives
gx_q <= (a0_gt(al_qg<<l)+a2_q) €(a6_qg+(a5_qg<<l)+ad_q);
gy_q <= (a2_g+(a3_g<<l)+ad4 q) €a0_g+(a7_qg<<l)+a6 _q);

// clock 3: compute absolute values
abs_gx_q <= gx_q[15] ? (~gx_qg)+ : gx_dg;
abs_gy_gq <= gy_q[15] ? (~gy_4g)+ : gy_d;

// clock 4: compute gradient
gradient g <= abs gx g + abs gy qg;
end
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endmodule



test_fsm.v Page 1

“define STATUS RESET 4'ho0
“define STATUS READ ID 4'hl
“define STATUS CLEAR LOCKS 4'h2
“define STATUS_ERASING 4'h3
“define STATUS WRITING 4'h4
“define STATUS READING 4'h5
“define STATUS_SUCCESS 4'h6
“define STATUS BAD MANUFACTURER 4'h7
“define STATUS BAD SIZE 4'h8
“define STATUS_LOCK_BIT ERROR 4'h9
“define STATUS ERASE BLOCK ERROR 4'hA
“define STATUS WRITE ERROR 4'hB

“define STATUS READ WRONG DATA  4'hC

“define NUM BLOCKS 128

“define BLOCK_SIZE 64*1024

“define LAST BLOCK_ADDRESS (( NUM_BLOCKS él)* BLOCK_SIZE)
“define LAST ADDRESS (~NUM BLOCKS* BLOCK SIZE €l)

“define FLASHOP IDLE 2 'b00
“define FLASHOP READ 2'b01
“define FLASHOP_WRITE 2'blO0

module test fsm (reset, clock, fop, faddress, fwdata, frdata, fbusy, dots, mode, bus

y, datain, addrin, state);
input reset, clock;
output [1:0] fop;
output [22:0] faddress;
output [15:0] fwdata;
input [15:0] frdata;
input fbusy;
output [639:0] dots;
input [1:0] mode;
output busy;
input [15:0] datain;
input [22:0] addrin;
output state;

reg [1:0] fop;

reg [22:0] faddress;

reg [15:0] fwdata;

reg [639:0] dots;

reg busy;

reg [15:0] data_to_store;

SIS/ 7SS S S S S S S S SSSSSSSSSSSSSSSSSSS
//
// State Machine

//
LI77777 7777777777777/ 7777777777777/

reg [7:0] state;
reg [3:0] status;

parameter MODE_ IDLE
parameter MODE INIT
parameter MODE WRITE
parameter MODE READ

Ne Ne ~eo ~o

o nu
WN RO

parameter MAX ADDRESS = 23'h030000;

parameter HOME = 8'hl2;

always @ (posedge clock)
if (reset)

begin
state <= HOME;
status <= "STATUS RESET;
faddress <= 0;
fop <= \FLASHOP_IDLE;
busy <= 1;

end
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else if (!fbusy && (fop == “FLASHOP IDLE))
case (state)
HOME: //12
case (mode)
MODE INIT: begin
state <= 8'h00;
busy <= 1;
end
MODE WRITE: begin
state <= 8'h0C;
busy <= 1;
end
MODE READ: begin
busy <= 1;
if(status == “STATUS READING)
state <= 8'hll;
else
state <= 8'hl10;
end
default: begin
state <= HOME;
busy <= 0;
end
endcase
;?////////////////////////////////////////////////////////////////////
Wipe It
VAN A A A A A A A AN A A A A N A A A N A A A A A A A A A A A A S N N A A A N A A N N A A A A A A A 2 44
8'h00:
begin
// Issue "read id codes" command
status <= TSTATUS READ ID;
faddress <= 0;
fwdata <= 16'h0090;
fop <= \FLASHOP_WRITE;
state <= statet+l;
end
8'h01:
begin

// Read manufacturer code
faddress <= 0;
fop <= “FLASHOP READ;
state <= statet+l;

end

8'h02:
if (frdata != 16'h0089) // 16'h0089 = Intel
status <= \STATUSiBADiMANUFACTURER;
else
begin
// Read the device size code
faddress <= 1;
fop <= \FLASHOPiREAD;
state <= statet+l;
end

8'h03:
if (frdata != 16'h0018) // 16'h0018 = 128Mbit
status <= \STATUsiBADisIZE;
else
begin
faddress <= 0;
fwdata <= 16 'hFr;
fop <= \FLASHOP_WRITE;
state <= statet+l;
end

8'h04:
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begin
// Issue "clear lock bits" command
status <= “STATUS CLEAR LOCKS;
faddress <= 0;
fwdata <= 16 'h60;
fop <= \FLASHOP_WRITE;
state <= statet+l;

end

8'h05:

begin
// Issue "confirm clear lock bits" command
faddress <= 0;
fwdata <= 16'hD0;
fop <= \FLASHOP_WRITE;
state <= state+l;

end

8'h06:
begin
// Read status
faddress <= 0;
fop <= “FLASHOP READ;
state <= statet+l;
end

8'h07:
if (frdata[7] == 1) // Done clearing lock bits
if (frdata[6:1] == 0) // No errors
begin
faddress <= 0;
fop <= “FLASHOP IDLE;
state <= statet+l;
end
else
status <= "STATUS LOCK BIT ERROR;
else // Still busy, reread status register
begin
faddress <= 0;
fop <= "FLASHOP READ;
end

L1777 777777 7777777777777/ /S S
// Block Erase Sequence
VIV A A NN A N A A A A A A AN A A A A A A A A N A A A N A A A N A N N S A A A A A A S A A A A A N A A 4
8'h08:
begin
status <= TSTATUS ERASING;
fwdata <= 16'h20; // Issue "erase block" command
fOp <= \FLASHOP7WRITE;
state <= statet+l;
end

8'h09:
begin
fwdata <= 16'hD0; // Issue "confirm erase" command
fOp <= \FLASHOP_WRITE;
state <= statet+l;
end
8 'hOA:
begin
fop <= \FLASHOPiREAD;
state <= statet+l;

end
8'hOB:
if (frdata[7] == 1) // Done erasing block
if (frdata[6:1] == 0) // No errors
if (faddress != MAX ADDRESS) // “LAST BLOCK_ADDRESS)

begin
faddress <= faddress+ BLOCK SIZE;
fop <= \FLASHOPiIDLE;
state <= state€3;

end
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else
begin
faddress <= 0;
fop <= \FLASHOPilDLE;
state <= HOME; //done erasing, go home
end
else // Erase error detected
status <= “STATUS ERASE BLOCK ERROR;
else // Still busy
fop <= \FLASHOPiREAD;

VIV VNN AN A N A A AN NS N AN S N S N A A A A A A A N A N N A N A N S N S N S N A N A A A A A A A A A VA vl
// Write Mode

VN A A A A A A A A A N A A A A A N N A A A N S N A S A A A N S S N S Y N N VI S IV 04

8 'h0C:
begin
data to_store <= datain;
status <= \STATUS_WRITING;
fwdata <= 16'h40; // Issue "setup write" command
fOp <= \FLASHOP7WRITE;
state <= statet+l;
end
8'h0D:
begin

fwdata <= data_to_store; // Finish write
fop <= \FLASHOP_WRITE;
state <= statet+l;

end

8 'hOE:

begin
// Read status register
fop <= \FLASHOP_READ;
state <= statet+l;

end
8 'hOF:
if (frdata[7] == 1) // Done writing
if (frdata[6:1] == 0) // No errors
if (faddress != 23 'h7FFFFF) // "LAST ADDRESS)
begin

faddress <= faddress+1;
fop <= \FLASHOP_IDLE;
state <= HOME;
end
else
status <= TSTATUS WRITE ERROR;
else // Write error detected
status <= "STATUS WRITE ERROR;
else // Still busy
fop <= \FLASHOPiREAD;

;;////////////////////////////////////////////////////////////////////
Read Mode INIT
VIV A N AN A A A A N A A A AN A A A A A A A A N A A A N A A A N A N A S S A A A A A S A A A A A N A A A A
8'hl10:
begin
status <= TSTATUS READING;
fwdata <= 16'h¥FF; // Issue "read array" command
fop <= \FLASHOP7WRITE;
faddress <= 0;
state <= statet+l;
end

;;////////////////////////////////////////////////////////////////////
Read Mode
L1777 7777777777777/ /S S
8'hll:
begin
faddress <= addrin;
fop <= \FLASHOPiREAD;
state <= HOME;
end
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default:
begin
status <= \STATUS_BAD_MANUFACTURER;
faddress <= 0;
state <= HOME;
end
endcase
else

fop <= “FLASHOP IDLE;

function [39:0] nib2char;
input [3:0] nib;
begin
case (nib)
4'h0: nib2char
4'hl: nib2char
4'h2: nib2char
4'h3: nib2char
4'h4: nib2char
4'h5: nib2char
4'h6: nib2char
4'h7: nib2char
4'h8: nib2char
4'h9: nib2char
4'hA: nib2char
4'hB: nib2char
4'hC: nib2char
4'hD: nib2char
4'hE: nib2char
4'hF: nib2char
endcase
end
endfunction

wire [159:0] data_dots;

40'b00111110_01010001_01001001_ 01000101 00111110;
40'b00000000 01000010 01111111 01000000 _00000000;
40'b01100010_01010001_01001001_01001001_01000110;
40'b00100010_01000001 01001001 01001001 00110110;
40'b00011000_ 00010100 00010010 01111111 00010000;
40'b00100111 01000101 01000101 01000101 _00111001;
40'b00111100_01001010_01001001_ 01001001 00110000;
40'b00000001 01110001 00001001 00000101 _00000011;
40'b00110110 01001001 _01001001_01001001_00110110;
40'b00000110_01001001 01001001 00101001 00011110;
40'b01111110 00001001 00001001 00001001 01111110;
40'b01111111 01001001 _01001001 01001001 _00110110;
40'b00111110_01000001_01000001_ 01000001 _00100010;
40'b01111111 01000001 01000001 01000001 00111110;
40'b01111111 01001001 01001001 01001001 _01000001;
40'b01111111 00001001 00001001 00001001 _00000001;

assign data_dots = {nib2char(frdata[15:12]), nib2char(frdata[11:8]),
nib2char(frdata[7:4]), nib2char(frdata[3:0])};

wire [239:0] address_dots;

assign address_dots = {nib2char({ 1'b0, faddress[22:20]1}),
nib2char(faddress[19:16]),
nib2char(faddress[15:12]),
nib2char(faddress[11:8]),
nib2char(faddress[7:4]),
nib2char(faddress[3:0])};

always @(status or address _dots or data_dots)
case (status)
“STATUS _RESET:
dots <= {40'b01111111 00001001 00011001 00101001 01000110,
40'b01111111 01001001 01001001 01001001 01000001,
40'b00100110 01001001 01001001 01001001 _0O0O110010,
40'b01111111 01001001 01001001 01001001 01000001,
40'b00000001 00000001 01111111 00000001 00000001,
40'b00000000_00000000_00000000_00000000_00000000O0,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00001000_00001000_00001000_00001000_00001000,
40'b00001000_00001000_00001000_00001000_00O001000,
40'b00001000_00001000_00001000_ 00001000 00001000,
40'b00001000_00001000_00001000_00001000_00001000,
40'b00001000_00001000_00001000_00001000_00001000,

R
AN
HEhHD

N
N
D D~ D~ D D D~

40'b00001000_ 00001000 00001000 00001000 _00001000};//

“STATUS_READ ID:
dots <= {40'b01111111 00001001 00011001 00101001 01000110,
40'b01111111 01001001 _01001001_01001001_01000001,
40'b01111110 00001001 00001001 00001001 01111110,
40'p01111111 01000001 01000001 01000001 00111110,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000 01000001 01111111 01000001 00000000,

//
//
//
//
//
// I

(oIl e ]

Page 5
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40'b01111111_01000001_01000001_01000001_00111110, // D
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
address_dots};
“STATUS CLEAR_LOCKS:
dots <= {40'b00111110_01000001_01000001_01000001_00100010, //
40'b01111111 01000000_01000000_01000000_01000000, //
40'b01111111_00001001_00011001_00101001_01000110, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b01111111 01000000_01000000_01000000_01000000, //
40'b00111110_01000001_01000001_01000001_00111110, //
40'b00111110_01000001_01000001_01000001_00100010, //
40'b01111111 00001000_00010100_00100010_01000001, //
40'b00100110_01001001_01001001_01001001_00110010, //
40'b00000000_00000000_00000000_00000000_00000000, //
address_dots};
“STATUS_ERASING:
dots <= {40'b01111111_01001001_01001001_01001001_01000001, //
40'b01111111 00001001_00011001_00101001_01000110, //
40'b01111110_00001001_00001001_00001001_01111110, //
40'b00100110_01001001_01001001_01001001_00110010, //
40'b00000000_01000001_01111111_01000001_00000000, //
40'b01111111_00000010_00000100_00001000_01111111, //
40'b00111110_01000001_01001001_01001001_00111010, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
address_dots};
“STATUS_WRITING:
dots <= {40'b01111111_00100000_00011000_00100000_01111111, //
40'b01111111 00001001_00011001_00101001_01000110, //
40'b00000000_01000001_01111111_01000001_00000000, //
40'b00000001_00000001_01111111_00000001_00000001, //
40'b00000000_01000001_01111111_01000001_00000000, //
40'b01111111_00000010_00000100_00001000_01111111, //
40'b00111110_01000001_01001001_01001001_00111010, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
address_dots};
“STATUS_READING:
dots <= {40'b01111111_00001001_00011001_00101001_01000110, //
40'b01111111 01001001_01001001_01001001_01000001, //
40'b01111110_00001001_00001001_00001001_01111110, //
40'b01111111_01000001_01000001_01000001_00111110, //
40'b00000000_01000001_01111111_01000001_00000000, //
40'b01111111_00000010_00000100_00001000_01111111, //
40'b00111110_01000001_01001001_01001001_00111010, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00000000_00000000_00000000_00000000_00000000, //
address_dots};
“STATUS_SUCCESS:
dots <= {40'b00000000_00000000_00000000_00000000_00000000, //
40'b00101010_00011100_01111111_00011100_00101010, // *
40'b00101010_00011100_01111111_00011100_00101010,
40'b00101010_00011100_01111111_00011100_00101010,
40'b00000000_00000000_00000000_00000000_00000000, //
40'b01111111_00001001_00001001_00001001_00000110, //
40'b01111110_00001001_00001001_00001001_01111110, //
40'b00100110_01001001_01001001_01001001_00110010, //
40'b00100110_01001001_01001001_01001001_00110010, //
40'b01111111_01001001_01001001_01001001_01000001, //
40'b01111111 01000001_01000001_01000001_00111110, //
40'b00000000_00000000_00000000_00000000_00000000, //
40'b00101010_00011100_01111111_00011100_00101010,
40'b00101010_00011100_01111111_00011100_00101010, //
40'b00101010_ 00011100 01111111 00011100 _0O101010, // *
40'b00000000_00000000_00000000_00000000_00000000};//
“STATUS BAD MANUFACTURER:
dots <= {40'b01111111_01001001_01001001_01001001_01000001, //
40'b01111111_00001001_00011001_00101001_01000110, //

QZHOMED QAZHINT T Q2NN D nhxROOE b AQ
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P e
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40'b01111111_00001001_00011001 00101001 01000110,
40'b00000000_00110110_00110110_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b01111111°00000010_00001100 00000010 01111111,
40'b01111110_00001001_00001001_00001001_ 01111110,
40'b01111111°00000010_00000100_00001000 01111111,
40'b01111111_00001001_00001001_00001001_ 00000001,
40'b01111111_00001001_00001001_00001001_00000001,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000 00000000,

data_dots};

"STATUS_BAD SIZE:
dots <= {40'b01111111 01001001 01001001 01001001 01000001,

40'b01111111_00001001_00011001_00101001_ 01000110,

40'b01111111 00001001 _00011001 00101001 _0O1000110,
40'b00000000_00110110_00110110_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00100110 01001001 01001001 _01001001_o0O0110010,
40'b00000000_01000001 01111111 01000001 00000000,
40'b01100001 01010001 01001001 01000101 01000011,
40'b01111111 01001001 _01001001_01001001_01000001,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,

data_dots};

“STATUS _LOCK _BIT ERROR:
dots <= {40'b01111111 01001001 01001001 01001001 01000001,

40'b01111111 00001001 00011001 00101001 01000110,

40'b01111111 00001001 00011001 00101001 01000110,
40'b00000000_00110110_00110110_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b01111111°01000000_01000000_01000000 01000000,
40'b00111110_01000001_01000001_01000001_ 00111110,
40'b00111110_01000001_01000001_01000001_ 00100010,
40'b01111111°00001000_00010100_00100010_ 01000001,
40'b00100110_01001001_01001001_01001001_ 00110010,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,

data_dots};

“STATUS_ ERASE BLOCK_ERROR:
dots <= {40'b01111111 01001001 01001001 01001001 01000001,

40'b01111111 00001001 00011001 00101001 01000110,

40'b01111111°00001001_00011001_00101001_ 01000110,
40'b00000000_00110110_00110110_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b01111111°01001001_01001001_01001001_ 01000001,
40'b01111111°00001001_00011001_00101001_ 01000110,
40'b01111110_00001001_00001001_00001001_ 01111110,
40'b00100110_01001001_01001001_01001001_ 00110010,
40'b01111111°01001001_01001001_01001001_01000001,
40'b00000000_00000000_00000000_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,

data_dots};

“STATUS_WRITE_ ERROR:
dots <= {40'b01111111 01001001 01001001 01001001 01000001,

40'b01111111 00001001 00011001 00101001 01000110,
40'b01111111 00001001 00011001 00101001 01000110,

40'b00000000_00l10l10_00110110_00000000_00000000,
40'b00000000_00000000_00000000_00000000_00000000,
40'b01111111 00100000_00011000_00100000_ 01111111,
40'bO11l1111_00001001_00011001_00101001_01000110,

40'b00000000_01000001 01111111 01000001 00000000,
40'b00000001 00000001 01111111 00000001 00000001,
40'b01111111 01001001 01001001 01001001 01000001,
40'b00000000_00000000_00000000_ 00000000 00000000,

40'boooooooo:oooooooo:oooooooo:oooooooo:oooooooo,

data_dots};

“STATUS READ WRONG DATA:
dots <= {40'b01111111 01001001 01001001 01001001 01000001,

40'b01111111 00001001 00011001 00101001 01000110,
40'b01111111 00001001 00011001 00101001 01000110,
40'b00000000 00110110 00110110 00000000 00000000,
40'b00000000_00000000_00000000_00000000_ 00000000,

/7
/7
/7
/7
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address_dots,
40'b00000000_00000000_00000000_00000000_0000000O,
data_dots};
default:
dots <= {16{40'b01010101 00101010 01010101 00101010 01010101}};
endcase

endmodule
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“timescale 1lns / lps

module stringmaker #(parameter =9) (input clk,
input [10:0] x,hcount,
input | ] y,vcount,
input [ ] background,
input [5:0] numchar,
input ready,
input [ *8 €él:0]string,
input custom,
output[23:0] pixel);

parameter =8%* ;

parameter leftmax= ;
parameter bottommax= ;

reg [7:0] letter= ;
wire [10:0] xpos;
reg [10:0] xshift;

reg hcountold;
reg vcountold;

reg [10:0] linecount=1;

reg | ] condition;

reg [ ]Jcountershift;

reg [8:0]letterfind;

reg | ]letterfindnext;

reg valid;

reg [5:0] numcounter;

reg [ €l:0]stringhold;

always @(posedge clk) begin

//letter generator
if (custom)begin //custom text
if (ready) stringhold<=string;
hcountold<=hcount[0];
vcountold<=vcount[0];
if ((hcount[0]!=hcountold)&&! (vcount[0]!=vcountold))
linecount<=Il+linecount;
if (numchar==0) letter<= ; //set letter to space
to clean out in a sense
if (vcount[0]!=vcountold&&numchar>0) begin//reset and first
letter only if there is
linecount<=0;
letter<=stringhold] é €1;
xshift<=0;
countershift<=1;
letterfind<=8;
condition<=18; //18 pixels is an aesthetical

ly pleasing offset
numcounter<=numchar €&l ;
end
if ((linecount==condition+x)&&numcounter!=0&&numchar
>=1) begin //each loop it will move 18 pixels over
numcounter<=numcounter €l ;
if (countershift+2<numchar)countershift<=I1+c
ountershift;
//all look ahead multiplications
condition<=18*(countershift+1); //look ahead
one because it will be the condition for the next letter
letterfind<=(countershift+1)*8; //look ahead
one becuase it will be used to find the next letter which is inherently one larger
than countershift
letterfindnext<=(countershift+2)*8;
xshift<=(condition+3);

if ((letterfindés)< )begin
letter<={stringhold] é(l+let
terfind) ],

stringhold|
é(2+letterfind) ],

stringhold|
é(3+letterfind) ],

stringhold]

é(4+letterfind) ],
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stringhold]
é(5+letterfind) ],
stringhold|
é(6+letterfind) ],
stringhold|
é(7+letterfind) ],
stringhold]
é(8+letterfind)]};
end
end
end
else begin // all the default text code.
hcountold<=hcount[0];
vcountold<=vcount[0];
if ((hcount[0]!=hcountold)&&! (vcount[0]!=vcountold)) linecou
nt<=1l+linecount;
if (vcount[0]!=vcountold) begin//resetand G
linecount<=0;
letter<= ;
xshift<=0;
end
if (linecount==18+x) begin//R
xshift< H
letter< ;

end

if (linecount==36+x) begin //E
xshift< ;
letter< ;
end

if (linecount==54+x) begin //E
xshift< H
letter< :
end

if (linecount==72+x) begin /IT
xshift< H
letter< ;
end

if (linecount==90+x) begin //I
xshift< ;
letter< ;
end

if (linecount== +x) begin /IN
xshift< H
letter< :
end

if (linecount== +x) begin /IG
xshift< H
letter< ;
end

if (linecount== +x) begin /IS
xshift< ;
letter< ;
end

if (linecount== +x) begin //F (extra for the space
xshift< H
letter< :
end

if (linecount== +x) begin /IR
xshift< H
letter< ;
end

if (linecount==
xshift<
letter<
end

if (linecount==
xshift<=
letter<=
end

case (background)

+x) begin //O
+x) begin /IM

.
4

:begin//Paris

if (linecount==
xshift<=

+x) begin //P
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end

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "[0#1230%

end

?begin //Rome
if 1."/0#1230%

end

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

?begin //(the)Amazon
if 1. "/0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

end

. "I0#1230%

789! begin

789! begin

789! begin

789! begin

789! begin

789! begin

789! begin

789! begin

789! begin

7891 begin

789! begin

789! begin

7891 begin

789! begin

789! begin

7891 begin

789! begin

LA

IR

L

LIS

IR

110

Y

HIE

T

I'IH

HIE

I //IA ADD SPACE

1M

LA

1z

110

I'/IN
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I end
i end
i assign 19A4; ' 989;*1<$ -

endmodule !!

module 1$#9$3B""'#%! HOparameter !

T Oinput 'A19#'Q3"D E!
T input | R@7 2SI9 E*3452% E!
TN input ! RT/ ?SIF EG3452$E

m input ! RP/ ?SI"#$$#% E

v output !reg R6. / ?7SIAL9#" - |
mm

i reg ! R(/ ?SI1CBU#QBVV%
T

........ wire ! R(/ ?SI1CBU#QC#C

- wire ! R@+ ?SI1CBU#QW1S$;-

M reg ! R / ?SIC#CQL$#% - !

i reg ! R/ ?SI*V#'BF ' 7-
reg *3452%4"V -

reg !G3452%4"V -

N always ! XOposedge A19#"Q3"D : ! begin
case 0"#$$#% :

THILLEEEE R

Page 4

end

end

/ begin //London

if 10"12#3452% "

end

if 10"12#3452% "

end

8
&'

if 10"12#3452% "

end

&'
&'

if 10"12#3452% "

end

&
8

if 10"12#3452% "

end

&
&'

if 10"12#3452% "

end
end

endcase

/ 1CBU#QBVVEs
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVV8s
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVV8s
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVV8s
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVVEs
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVVEs
/ 1CBU#QBVVE
/ 1CBU#QBVVEs
/ 1CBU#QBVVEs

&
&'

LA
> //B
-/IC
2/ID
- IIE
- IIF

e
SIH
-l

11

21K
L IL
- IIM
>IN
- /IO
s
- 1IQ
IR
-1l

89:

89:

89:

89:

89:

89:

I begin

I begin

I begin

I begin

I begin

I begin

HiL

110

I'/IN

1D

110

I/IN
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T ) 01 AllT

NI O+, 01 4/l

NI LR 012%7AIN

T Bl 01 4llwW

NI L 01 4/IX

NI LR 01&5"4/IY

T Bl 01 4l/z

NI L 01 AlISPACE

NI default  10)*+,-*../ 01&&34//

i endcase

g <=>2<@. 01$;<=>? A5BA4!

HHnnmc; <=>?<@. 01C;<=>? A5B4!

NI if 1 DC;<=>? 11EF"),)-(?,/ 0154

I /lif we are within range and vcount has changed. then go get

the next line in memory

i if 1 DDGIC;<=>? 11EFFHHIC;<=>? A5BI1 C;<=>?<@. FHHIC;<=>? JEFHHIC;<
=>?0 PEFF)))-(?./ 01),)-(?./ P94

i /if we are within range and hcount has changed. then look a

t the next pixel

IR if | DOB;<=>? ASBIL $;<=>?<@. FHH$;<=>? J1 QFHHI$;<=>? 01 RQFF!
$.,@*E 01%$.,@*E P94

INUHNUHNUHI if 1DO*+,-T(?U  A9%e$.,@*E A2' 5BB119FV(Q,@! 01! 4l /lche
ck for 0 or 1. assign color accourdingly

i else IV(Q,@! 01! 4

i end

i assign 10*+,-),) 10*+,-*../ P),)-(?./ 41 [/memory offset to select correct lett

er plus the iterator

HINX<>?-/<)*@VS*T,? DV(Q,@-,@YZ()*+,-),) Z(O)*+,-T(?U  F4ll

1

endmodule
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I'HS%8 ()%  *+&* - *+.&
TEEEEEREEE T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

"H$%8. ()"
1"+ (,-(./%°0-("1$23
n"

1"#/.'4."0'4.*"""56%66*75"5518918759"

1"0.:-, (" %.*"

"<$=>." 0% ¥ > A@AA"

I1"B/$C.DA";'%.*"

II"E'/,.4"0.F-D.:*"

IES$?"F. /("
11"0.:D/-&4-$(*"G-%8&2."&'%.4./-H.=" | JIKE"EL"%$=>7.M"0.2'>?4"N'>=/'4."-:"550877M
rm——0 21524 EL": 44-(,*"5":4'/4"N-4P"Q"='4"N-4:P"8":4$&"N-4:M"ER-:
rm—_0/, 8.3 0 (4'4-$("=$.:"($4":>&&$/4"KEGHEG"22$S"D$(4/$?M

I

11"0.&.(=.(D-.:*"

1

K. F:-$ (-

'K F-1-$("7M75" ET-2.#.'4.=
1" J==-4-$('?"H$Y6%. (4:*"

I

module */(0"1"2* 34

***%  parameter * * < @

****  parameter * *<* @**** N"67<UH"-(&>4"D?$D3
**kk parameter * <@

***%  parameter * * < H@

**k* - parameter * *<x

*% K4

ik nput YL @0&" @FFFrrrraax nm"e7"<UH"-(&>4"D?3

*kkk Input *"21%, @************* !!"/'_:."4$"4/'(:%_4

*EEjnput * MNO?P*Q("(1#, @*** II"'Q éN-4"='4"-(&>4

ek gutput *RH#VLS/" @FFrriiiaex MIKE"4/'(:%-4"S-/.

ek gutput *21R/&T @ kkkkkkx " /4.="SR.("4/'(:%-44-(,

Hock output  * MUO? P*R#"1™MQ*++k* N"N-4"D$>(4.1"23$/"41'(:%-44-(,"N)4.
**

~ KV

** localparam * *<* * W * W Vv

** reg *R#'1S/AIX  V** I1"="4""N-4"N.-(,":.(4"$>4"$("S-/.
** reg * MUO?P*R#"1™01X  \V** 1"D$>(4./"2$/":R-24-(,"='4""N-4:
** reg * M4 erKO?P*"21&Y#Z"%01X \** N"D4:":""="4"N>22./

o SSAZSA™- (Y. (4:

** assign *"21RI&T* <*R#"1"0* [ * 7V
** assign *R#"'1"0* <*R#"'1"01X V
** assign *R#"1S/™  <*R#"'1S/'1X V

> 11"VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVVYVWVVVVV VY
** II"EL"D?$D3"W.(./'4-$("X2$/"550877"N">=Y
> 1"VVVVVVVVVVVVVVVVVVVVVVVVVVVVYVVVVVVVVVYVYVYVWVVVVV VY

*%

** reg * M>=0?P*'21")L1"01X* <* 2\ I'D$>(4.">="-(",.(J'4-("AA@D?3

* wire *21L*  <*44 @'21)L1"01X  K*\* K\V&x 128/ [-' 2 41" (:%-::-$(
*%

** always *14 posedge *)L K

FR21L1"M01X* \< %44 @'21)L1"01X  K*\* Kx A% 2% O*21")L1"01X
\Y

*kkk

> 1"VVVVVVVVVVVVVVVVVVVVVVVVVVVVVVWVVVY
> 1"0'4"E/'(:%-:-$(
** 11"VVVVVVVVVVVVVVVVVVVVVVVVVVVVYVVVVVY

** always *]4 posedge *')L K*begin

Rk jf % 40&" K* begin

FhrrRA1S/IX* \< * V

******R#"l'"olx* \< * V

FrAAQL&YHZ"WH0LXr \< * 7V

***%  end*else *begin

*kkk

whkkkx AR N) A F -2 N 28 AT (Y- -B(
Fhkkkkjf ¥ 4"210%,* T *AR#"1M0LX* \< * +KK* begin
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IHNNHS%& $%(! )< ! - LIPS0 & (%) F+) "B $"-). +"&()" (/"% H --$*0
HIN4$%, $/9%(! ) ! 112" "&()-"). &Y $%-2())', " *")3(-"&0)’
IS 7%89#:$;/%(! ) 1<< <"+ 22 @AB$BIHOD-FCH@ <
- end

I 1M*$9%-2()")3")$9)!L,$)$1-).+"&()-

e if 1 K$7%.LM! NN K'#$%.$/%(1 O +PP! begin
IHNNHS%& ' $%(! )" 1$7%89#:$:/1%( DCH-
HIN"4$%. $/%(! Y IHS%. $/%( e+ -
IS 7%89#:$;/%(! ol < s @ST%894#:$:%(
- end

endmodule

DK étPF+H?-

<

???-
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N"#3%& '%$($'$) % +(&',(-)'-+(
module usb_input (clk , reset , data , rd, rxf , out , newout , hold , state );

input clk , reset ; 11./-.0'$) % "#&H(

input [ 7:0] data ; H(1#%$($,)&'2"-3'(1#'456'2,2-

input rxf ; H(1#"72*,)'2"-3'(1#'456'2,2-

output rd ; H(1#"%"™*,)'2"-3'(1#'456'2,2-

reg rd ;

output [ 7: 0] out ; (1,8, &'81#" #' %B($'9-#&'81#),('19& ##)"#$%'2"-3
"(1#2,2-

reg [ 7: 0] out ;

output newout ; 1181#)'(1,&',&'1,91;"-+(".-)($,)&'$")#8".1+)0'-2'%$(
$

reg newout ;

input hold ; N$&'/-)9'$&'1-1%",&'1,91;'(1,&'3-%+/#'&,(&

N&(,I'3-Yo+#'$)%'8,/I")-('$. #5()
#8'%$($'2"-3'(1#'2,2-

output state 112-"0%6#:+99,)9"*+"*-&#&
reg [ 3: 0] state ;
parameter RESET = 0; N&($(H'%B($
parameter  WAIT = 1;
parameter WAIT2 = 2;
parameter WAIT3 = 3
parameter DATA _COMING = 4;
parameter DATA COMING 2= b5;
parameter DATA COMING_3= 6;
parameter DATA COMING 4= 7;
parameter DATA COMING 5= 8;
parameter DATA HERE =9
parameter DATA_LEAVING =10;
parameter DATA LEAVING Z=11;
parameter DATA LEAVING F12;
initial
state <= WAIT,
always @ (posedge clk )
if (reset )
begin
newout <= 0;
rd <= 1; N8# . $)<("#$%'%$($
State <= WAIT,
end
else
if (~hold )
begin
newout <= 0;
case ( state )
WAIT:
if (~rxf) n2"72'&'
1-8'$)%")-:-%=<&'$&0,)9'+&'(-'8%,('(1#)'(1#"#,&'%$($'8%,(,)9'2-"+&
begin
rd <= 1,
&-'$&02-" (
state <= WAITZ; U$)
%'&($"('8%,(,)9'2-"(
end
WAIT2:
if (~rxf) H%-+:/#' . 1#
.0
begin
rd <= 1;
state <= WAITS3;
end
else
state <= WAIT,
WAITS3:

if (~xf) H$)%'(" */#
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IHE YHI& H()*+I(,*-1, $$+!(,$.1) 0! (#11$*+2223

state

State <

Page 2

begin
<= 0;

DATA_COMING

end
else
<= WAIT;

DATA_COMING A4(,"$15+16($'1*(111

$!6(007!1780!71/80!19(5104$!+707!0("'07/8*8:$

state

state

state

out

1 7*8+-1,(11(15$7+180

state
newout

%,(1!1$<;$!6(0!,$1!+707

<= DATA_COMING_2

DATA_COMING_2
<= DATA_COMING_3

DATA_COMING_3
<= DATA_HERE

*$10(1"$7510#$1+70710(1=7%$!')5$!1$1*70"#1(,0(180!"(55$"0*-

rd

state
newout

%, (LIO#SI+707< 171" ("%61"-"*$1 (*+1,(1

10(1=7%$!")5$!0470104$1>210(1>?!@5%
State

10(1=7%$!")5$!0470104$1>210(1>?! @5%
State

state

end
endmodule

DATA HERE
begin
<=data ; 440#$!+707!8
<= DATA_LEAVING
<= 1; 44*30!19(*%'"!
end
DATA _LEAVING 441780!7!"-"
begin
<= 1;
<= DATA_LEAVING_2
<= 0; 44*30!19(*%'"!
end

DATA_LEAVING_2 441780!7,(0#$5!"-"*$
&'#756%$!08=$!8'=$0

<= DATA_LEAVING_3

DATA _LEAVING 3 44178017, (0#$5!"-"*$
@#756$108=$!8'=$0

<= WAIT;
default

<= WAIT;
endcase
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I
"H$06&"™ ($)8+)&, *)&-.(

11"/01&""23 -4,1 -56

11"7819*-": ", 0<1-*"=>?@"A.333B"C0%%"D556E

I

" @9$<"C$%&" *FL0$F<"19&"F1<,+)&,*)&"0F)"0)(G3HESF$1"1*)8%8<
I

11" @9&<&"1¥)8%&<"0-&"8<&)"1*"J-0K"$SFLB1"M@N;"($)&*")010"C-*I"19&"0;7
I"LO*F*"P0,Q"*F"19&"-$J91"90F)"<$)&"*C"19&"A.333"%0KQ$1"= *FF&, 1
11"19&" 01&-0"1*"19&"R4STO"PO, QE.

I

I"M@N;"&,%)&"  —"3A -K$1";:?0A6A")&, *)&-

"UV":0($&-";0<1-*
II"@9%$<"1¥)8%&"10Q&<"0"<1-&0I"*C"RR;")010"C-*I"19&"0)(G3H6
I"M@N;IW7R"($)&*")&,*)&"0F)"J&F&-01&<"19&" *--&<L*F)$FJ"L$X&Y%<B
11"1901"0-&"&F,*)&)"Y$19$F"19&"<1-&O0IB"$F"Z;-;K"C*-101.

1">00Q&"<8-&"1901"19&"0)(G3H6"$<"<&1"1*"-8F"$F"3A —K$1"RR;D"I*)&.
module ntsc_decode(clk, reset, tv_in ycrcb, ycrcb, £, v, h, data valid);

1"96Q"  —"%3$F&-%*,Q&)" %+ Q"=$F"19$<" 0<&B"RR;3"Y9$,9"-8F<"01"DG>9[E
I"-&<&1"  —"<V<1&I"-&<&l

I"L(+$F+V,- K" —"35 —K$1"$FL81"C-*I",9$L."<9*8%)"I0L"1*"L$F<"\3]'35"
1"V,- K" ="D_"K$1"%8I$FOF,&"0F)",9-*ISFOF,&"=H"K$1<"&0,9E

1"C" T —"C$8%)"3"$F)$,018<"0F"&(&F"C$&%)B"5"0F ™))" C$&%0)

(" —"(8-1$,09%"<VF,"3"I&0F<"(&-1$,0%"<VF,

9" —"9*-$[*F10%"<VF,"3"I&0F<"9*-$[*F10%"<VF,

input  clk;

input reset;

input  [9:0] tv_in ycrcb; !I"*)$C$&)"C*-"35"K$1"$FL1" —"<9*8%)"K&"W\3]'35"
output [29:0] ycrcb;

output £;

output v;

output h;

output data valid;
"g1L81"_'5n"<101&"

parameter = 0;
parameter = 1;
parameter = 2;
parameter SAV_fl cb0 = 3;
parameter SAV _fl y0 = 4;
parameter SAV _fl crl = 5;
parameter SAV_fl yl1 = 6;
parameter EAV fl = 7;
parameter SAV _VBI f1l = 8;
parameter EAV_VBI f1l = 9;
parameter SAV_f2 cb0 = ;
parameter SAV _f2 y0 = ;
parameter SAV_f2 crl = ;
parameter SAV_f2 yl1 = ;
parameter EAV_f2 = ;
parameter SAV_VBI f2 = ;
parameter EAV _VBI f2 = ;

"?F"19&"<10-1"<101&B"19&"1*)8%& ") *&<Fal"QF*Y"Y9&-&
"$F"19&"<&bB&F,&"*C"LEX&Y<B"$1"$<"%**QFJ.

M"4F,&"Y&")&1&-IPF&"Y9I&-&"1*"'<10-1B"19&" "#N>"J*&<"19-*8J9"0"F*-10%
I"<&b8&F,&"*C"N7c"L-*,&<<+Z;-;K"T7c..."-&L&01

M"@9&")010"<1-&01"%**Q<"0<"C*%%*Y <

I"N7c+##'d"N7¢c+55"d"N7c+55"d"N7c+ez"d";K5"d"Z5"d";-3"d"23"d";KD"d"zD"d"..."d"T7¢
"<&b8&F,&

M"@9&-&"0-&"1Y*"19$FI<"Y &"F&&)"1*")*
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// 1. Find the two SAV blocks (stands for Start Active Video perhaps?)

// 2. Decode the subsequent data

reg [ ] current_state = ;

reg [ ] y = ; // luminance

reg | 1 cr = ; // chrominance

reg | 1 cb = ; // more chrominance
assign state = current state;

always @ (posedge clk)
begin
if (reset)
begin

end
else
begin

Page 2

// these states don't do much except allow us to know where we are in t

he stream.

// whenever the synchronization code is seen, go back

(tv_in_ycrcb
(tv_in ycrcb
(tv_in ycrcb
(tv_in_ycrcb
(tv_in ycrcb
(tv_in ycrcb
(tv_in_ycrcb
(tv_in ycrcb
(tv_in ycrcb
(tv_in_ycrcb

~—

D ) D D ) ) ) ) V) )

to the sync _state

SAV_f1 cb0
EAV_f1 :

SAV_VBI f1
EAV_VBI fl
SAV_f2 cb0
EAV f2 :

SAV_VBI_f2
EAV_VBI_ f2

~e ~eo

: SAV_
SAV_f
: SAV_

SAV f

: SAV_
SAV_f
: SAV_

SAV f

// These states are here in the event that we want to cover these sig

// in the future. For now, they just send the state machine back to S

before
// transitioning to the new state
case (current_state)
current_state <=
current_state <=
current_state <=
SAV_f1l cb0: current state <= (tv_in_ycrcb
f1_yo0;
SAV_fl y0: current state <= (tv_in ycrcb
1l cril;
SAV_fl crl: current_state <= (tv_in_ycrcb
f1 y1;
SAV_fl yl: current_state <= (tv_in_ycrcb
1 _cb0;
SAV_f2 cb0: current state <= (tv_in_ycrcb
f2_yo0;
SAV_f2 y0: current state <= (tv_in ycrcb
2_crl;
SAV_f2 crl: current_state <= (tv_in_ycrcb
f2 yi1;
SAV_f2 yl: current_state <= (tv_in_ycrcb ==
2_cb0;
nals
YNC 1

EAV_fl: current_ state <=
SAV_VBI_ fl: current_state
EAV_VBI fl: current_ state
EAV_f2: current_ state <=
SAV_VBI_ f2: current_state
EAV_VBI_ f2: current_ state

endcase
end
end // always @ (posedge clk)

// implement our decoding mechanism

wire y enable;
wire cr_enable;

<=
<=

<=
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M wire "#$%&'#(% )

o N"#$"%"#&™ (#*+"#*,"-* /0-"12-"3-+#&1-3
- N"0#4-5#&-"$(3"3".*6"/
I assign *$%&#(%!  +!', "-..%&/$0/'/%! ++1123%45%*6 7! 88!
i , "-..%8&/$0/'/%)! ++1123$45%*5 7! 88

, "-..%&/$0/'/%)! ++1123%$49%*6 7! 88!
i , "-..%&/$0/'/%)! ++1123%$49%*5  7)
M assign ".$%&#(%! +!, "-..%&/$0/'/%! ++1123$45%"5 7!88
i , "-..%&/$0/'/%)! ++1123%$49%".5 7)
M assign "#$%&#(%! +!, "-..%&/$0/'1%! ++1123$45%"#6 7! 88
TEEEEEREEETE e , "_%&/$0/'/%| ++|123$49$"#6 7)

e 1"g "7, *6"2" (*0%"+("2#+2"52-*" " 1#7-
M assign !:;<=>l+!, " %&/$0/'/%! ++! 71 CU/;$D&S$*"."# EFGH I G

m o n"e6.1."#&"7.0#6"52-*"5-"2.7-".00"123--"7.08-&9"%,"3,"/
M assign K'/'$;(DK! +1*$%&'#(% )
I assign *."#l HoERS <R

N oreg M4L +16)

m

I always !'L!, posedge "(M 7
m - pegin

g N+H*$%&'#(%! CI/;$D&S$*"."#! a* )

e NH".$%&#(%! CI/;$D&$*"."#! a-.

A NH"#$%&'#(%! C/;$D&S*"."#! a'# )

nmal N+ | "-..%&/$0/'/%! ++] 7! CI/;$D&S*"."# EC1G34)
nn end

"

endmodule

RN RN RN A

11" <<<"=>2@" A J4#1" é B@BCD<EF"CH#6-("B-'(6-3"G(*$#+83. 1#(*"H*#1
I

I1"G3-.1-69

I"@812(39"1.12.%"H'4-&

11

RN ail|

M"J-+#&1-3"K
Ty,

PK%4D&Y TR

Il 1"KQ"GCLM"(** @HI<"N'()O(&#1-"T#6-("#*P

Il 1"DY"Q"(*"@HIR,"G"(*"@HIF"N& ETHE-("H*P

Il 1"NS2:&-".3-"12-"(*0%" (*$#+83. 1#(*&"&800(31-6"/%"12-":;<<<"0./4#1"2.365.3-P
PK%4D&Y& T

Il 1I"K9"@81(6-1-'19"ISMG"(3">@A"NL?THBP,"5!("0-6-&1.0
Il 11"<9"@81(6-1-'19"ISMG"(3">@A"NL?THBP,"5!0-6-&1.0
Il I"RY"@81(6-1-'19"ISMG"(3">@A"NIP,"5!("0-6-&1.0

Il 1I"U9"@81(6-1-'19"ISMG"(3">@A"NIP,"5!0-6-&1.0

Il 1I"V9"ISMG"5!("0-6-&1.0

Il 1"F9"ISMG"5!0-6-&1.0

Il 1"9"ISMG"V;VU"5!("0-6-&1.0

Il 1I"DY"ISMG"V;VU"5!0-6-&1.0

Il I"EQ">@A"L?THB"5!("0-6-&1.0

Il I"WO">@A"I"510-6-&1.0

Il I"@9">@A"X"5!("0-6-&1.

Il I"L9">@A"X"510-6-&1.0

Il 1"GO"> @A™ ()/#* 1#(*"|

Il "B ">@A™ (J/#+. 1#(*"1"510-6-&1.0

1Y &9"Z1(1"7.046]

PK%4D&Y P <P o

RN RN AY|

"J-+#8&1-3"<
ey,
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N"#$"="+'8 0<A
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I"#$%8H# 'G H! H!
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1n"7:A0+,;&"8
T i

"B#SY%0&H ' )<2+9@O0CH+-8+1+C2 M
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n"8g"X="":(/0)Y

I #$%&# """"""""""""""

""#$"2#  éR0,"Z"[[6K"D$5$5"66W7NIN

"2$"s5#  €R0,"Z"[[6K"D$5$5"66W7NJIN

I"5$"2N  éR0,"Z"[[6K"D$5$5"66W7NIN

"8$"0  éR0,"Z"[[6K"D$5$5"66W7NJIN

"D$"25 €R0,"Z"[[6K"D$2%$2

"y a$"x='"(/0)Y
N"E=":"G(,",G;"NI222"/(RS0,"G(&)](&;"?&"0);+"</1"("2#

"M G;"'VB4AM2OJIF

HEY68H ' 29)8202+-,/2:/2-*Q)(+98
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!"#$%&# ! 'd H1
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11 1"#$"06&,&6"0+4+658".(&"5)0":D3"+)6&('5*&"A;+6"/+88"576.>56+*588B"(&,&6C

"#5%&'$ | 3.?7@5AB-,+2:>4+,-C | D' ,+>+4-19:( E" 4:;:/2-+31<=:+ EI" ()*+,-.)*/-19:( E" ()*+,
-.)*/-001-2+/+,34), E" ()*+,-)*-,+C+,+/1+ E" ()*+,-)*->)=,1+-(,),:4F El" ()*+,->37+
-1)/4)0 G

1"%&4+,6&("EE
LT LT LT T T T T T

HSOA&'S | (+3H0 At =( 34+ NI 5675
I 1"1$"F-056&"45+)" J*&"-&("8+)&

Il I"#$"F-056&"45+)" )*&"-&("+&80

"USYO&'S | 37+,32+-1:,:204/+>>-0:/+> ITTSLTTRIAY 5675
Il I"1$'F,&"8+)&,"EE"6."E#1

Il I"#$"F.&"8+)&,"EE"6."DG1

HE&'S 130 =+ NI K6L8
I I"1$"HI2$"#EEJ"=KL3$"#DD

IS HI2$ " #DMJ =K L3$"#4#M

11 I"D$"HI2$"#D1J"=KL3$"##1

I IES"HI2$ ##MI"=KL3$"#1M

1INS HI2S #4#1)"=KL3$"#11

1 IMS$THIZS #1MJI"=KL3$"#11

"0 EG$"HI2$"#11J"=KL3$"#11

"H$06&'S 1 1)0),-H:00 NI 5675
Il 1"1$"P+,5:88"* 8.("<+88

Il I"#$"Q)5;8&"*.8.("<+88

I

HE%&'S | 3.2@5AB-,+2:>4+,-KK 1 D5675E!" 1)0),-H:00 E! 5675E!" ;3J:;=;-:,+ El" 37+,32+-1:,:294
[+>>-0:/+> E" (+3H-*9:4+-=(.34+ G

"#$%&'$ | 3.2@5AB-,+2:>4+-58 1 AGL88
"#$%&'$ | 3.2@5AB-,+2:>4+ -55 I AGL88I
"#$%&'$ | 3.2@5AB-,+2:>4+ -5M 1 A6L88S
"#$%&'$ | 3.7@5AB-,+2:>4+ -5K | AGLNB
"#$%&'$ | 3.2@5AB-,+2:>4+,-5N I AGL5A
"#$%&'$ | 3.2@5AB-,+2:>4+ -5B 1 AGLOS8
"#$%&'$ | 3.2@5AB-,+2:>4+ -50 1 A6L88
"#$%&'$ | 3.7@5AB-,+2:>4+-5@ | A6L85
"#$%&'$ | 3.2@5AB-,+2:>4+ -5A 1 AGL88S
"#$%&'$ | 3.2@5AB-,+2:>4+ -5P 1 AGL58
"#$%&'$ | 3.2@5AB-,+2:>4+,-53 I A6L58
"#$%&'$ | 3.7@5AB-,+2:>4+ 5] I A6LCS8
"#$%&'$ | 3.2@5AB-,+2:>4+-51 | AGL50
"#$%&'$ | 3.2@5AB-,+2:>4+ -5, I A6L85
"#$%&'$ | 3.2@5AB-,+2:>4+ -5+ 1 AGL88S
"#$%&'$ | 3.2@5AB-,+2:>4+ -5C 1 AGLK.
"#$%&'$ | 3.7@5AB-,+2:>4+-M8 | AGL.8
"#$%&'$ | 3.2@5AB-,+2:>4+ -M5 | AGL8SP
"#$%&'$ | 3.7@5AB-,+2:>4+ -MM | AGLAL
"#$%&'$ | 3.2@5AB-,+2:>4+,-MK | A6L+M
"#$%&'$ | 3.2@5AB-,+2:>4+ -MN | AGL5C
"#$%&'$ | 3.2@5AB-,+2:>4+,-MB | AGL8@
"#$%&'$ | 3.?@5AB-,+2:>4+,-MO | A6L1IM
"#$%&'$ | 3.2@5AB-,+2:>4+ -M@ | AGLBA
"#$%&'$ | 3.7@5AB-,+2:>4+ -MA | AGLK1
"#$%&'$ | 3.?@5AB-,+2:>4+,-MP | A6L88
"#$%&'$ | 3.2@5AB-,+2:>4+ -M3 | AGL8S
"#$%&'$ | 3.2@5AB-,+2:>4+ -M| | AGL38
"#$%&'$ | 3.?@5AB-,+2:>4+,-M1 | A6L1+
"#$%&'$ | 3.2@5AB-,+2:>4+,-M. | AGLCS
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IH$%8H ' ()*+,-./01234510/61 -7899
I"#$%&# * ()*+.-./01234510/6: -78:9
IH$9%&# " ()*+.-./01234510/:9 -7899
I"H$%&# ' ()*+.-./01234510/, -78+9
I"#$%&# * ()*+,-./01234510/:6 -7899
IH$%&# * ()+.-./01234510/ < -789:

I"H$%&H# * ()*+,-./012345101.. ' 789,

I"#$9%&H# ' ()*+,-./01234510/;= -7899 "
I"H$%&H# ' ()*+,-./01234510/+ -7899
I"4$%&# * ()*+-./01234510/-- -7899
I"#$%&H# ' ()*+,-./01234510/;> -7899
I"H$%&H# ' ()*+,-./01234510/:( -7899
I"#$%&# * ()*+,-./01234510/:? -7899
I"H$%&H ' ()*+,-./01234510/<< ' .78<,
I"#$%&# ' ()*+,-./01234510/<. ' .7877
I"H$%&H# ' ()*+,-./01234510/, ' 781
I"#$%&# ' ()*+,-./01234510/:6 ' .78-9

module '@"A+,-.%&%B' CD#E#BF'GHIGJ/6+K8L FEIMDG# F'BA/%&/D#E#B/N F'
et B A[%0&I%6G/GHIG F'BA/%&/%6G/"@B@OP

" input 'D#E#B P

" input 'GHIGJ/6+K8L P

" output 'BA/%&/DHE#BIN P' I"#$%$&"%'()*+"&,"-./0123

" output 'BA/%&/%6G/GHIG] P' 1"456"7+,78",9&:9&"&,"-./0123
" output 'BA/%&/%6G/"@B@F' 1"456";*&*"'+")$"&,"-./0123

" input 'EIMDG#P' I"<="7>:,%'&$?"1="% a@';$,

" initial ' begin

Q"%ERH@F ()*+,-.'3&%BY% @H%L@B%I& A@QHMAEUDP

Q"WERH@I "0#V%EB#D'QU"OWXYT F'l ()*+,-./01234510/9 OP
Q"WERH@I "0#V%EB#D', U"9OWXYT F! ()*+,-./01234510/, OoP
Q"WERH@I "0#V%EB#D'6U"OWXYT F'! ()*+,-./01234510/6 OoP
Q"WERH@I "0#V%EB#D" ;U"9OWXYT F'! ()*+,-./01234510/, OP
Q"WERH@I "0O#VEB#D'<U"9OWXYT F'! ()*+,-./01234510/< OoP
Q"WERH@I "0#V%EB#D' U"9OWXYT F'l ()*+,-./01234510/. OoP
Q"WERH@I "O#VWEBH#D'+U"9IWXYT F'! ()*+,-./01234510/+ OoP
Q"WERH@I "0#V%EB#D'-U"OWXYT F'!1 ()*+,-./01234510/- OP
Q"WERH@I "0#V%EB#D'>U"9WXYT F'! ()*+,-./01234510/> OoP
Q"WERH@I "0#V%EB#D'(U"QWXYT F'l ()*+,-./01234510/( OP
Q"WERH@I "0#V%EB#D'?U"9WXYT F'1 ()*+,-./01234510/? OoP
Q"WERH@I "0#V%EB#D'ZU"OWXYT F' ()*+,-./01234510/Z OoP
Q"WERH@I "0#V%EB#D"U"OWXYT F'! ()*+,-./01234510/) OP
Q"WERH@I "0#V%EB#D'1U"9WXYT F'1 ()*+,-./01234510/1 OoP
Q"WERH@I "0#V%EB#D"U"OWXYT F' ()*+,-./01234510/: OoP
Q"WERH@I "0#VY%EB#D';;U'9WXYT F'! ()*+,-./01234510/;; OP
" end

m ! !
" "A$)$B*&$"*"1CDE"F,B"&G$"456";B'@$B"HB$%9+&") ("456"7+,78"B*&$"%"53<8DEI
I

" reg ' [ +U9\ 'GHI"%AIGIM&B F'D#E#BIGIM&B P
" reg 'GHIGJ/EHI] P
" \wire 'DHE#B/EHI] P

initial

begin
""GHJII"%AIGIM&B' A '-7899 P
1"%J)&G$%'%"*&&B'K9&S$™)' &",F"7+8L;'@L7,9)&"%"M<<MN
""GHIGJ/EHI]) A PTN9 P
1"%J)&G$% % "*&&B'K9&$™)'&",F"7+,78L%+,0"%"M<MN
mn end

always ' "Cposedge 'GHIGJ/6+K8L O
if ' CGHJ/"%A/GIM&B' ' 6=0

i begln
" GHIGJI/EHI] A ' aGHIGJ/EHI] P
"""""GHJ/"%A/GIM&BI /\_l 9P

end
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nm else
HINN"4#$%&'(%")*+,! - "#$%&' (%) *+, /01

M always ! 23posedge !"#)"$%45678 9
nm if 13u<;, 9

NI < 06" %+, -] 1

mmn o else

M <;,9%")*+,! - 130<;,%")*+, L I e R S €1
I assign I;<;,%<#)@! . 15;<;,%")*+,! Al=1

m

mon

m1"#$9%"&'()*

mon

m

I reg #)B& 1

M reg! C5?=DI&B,B 1

M wire IB"$ El'&#; 1

"

m4nrg. 3F5<, 355, %<#)@  9E! F'H)"$GH 3"#)"$%<#)@ 9E! F&B,B3&B,B9E! F#)B& 3#)B& 9E
i FB"$ 3B"$ 9E! F'&#; 3'&#; 9E! F<"# 3,(%'+%'4"%"#)"'$ 9E

i F<&B3,(%'+%'4"%&B,B 991

L - % JO(1*
T

n reg ! C5?=DIk,B,; 1
- reg !,(%'+%:;<;,%I 1
I reg N#&%<)*:"; 1

M always ! 23posedge !"#)"$%<#)@ 9
i it 13:5<;,%<#)@ 9

i begin

nnm< Bl - =1

HIHINIE)BE&! -1

I (%'+9%:;<;, %! - 1=l
HHHIIN#&YH<)*:"] - 1=1

i end

i else

i case ! 3<,B,; 9

NI ?

i begin

IR 11"233% " *3%,

NN B! - 1
I, (%'+%:;<;,%I! - 1
nunn if 13AB"$9

nunnn< Bl - IkB,; /01
I end

nnnn ?

nunnm< B, - IkB,; /01
VI ?

T begin

nnn "4 *G* 3+ 3k,

NN (%'+%:;<;, %! - 1
nunnn< Bl - IkB,; /01
ST end

VI ?

AL begin

mnmnmn N"+*1&"26789:;"-&&*33
nunnnnngB, B! - 1
NI B&! - 1
nunn if 13B"$9

nunmnnnn< B! - IkB,; /01
AL end

NI ?

I begin

i "+*1&"3<=-&&"™*33">?"?('3,"*@(3,*
nunnnnngB, B! - 1
I if 13B"$9

nunnn< Bl - IkB,; /01
i end

I ?
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ITTITNY begin .

i 1"#$%&"&("$) %*&'$"+
NI %&( ) 1718 ! 8<8=>?@ABCCD
TR, if | E#AFG

HnnI=$4$B! %&=$#$B H, D

TITITINY end

i J

i begin

i 1"H$%& " &("$) %*&'S",

IS %& D
i if | E#AFG

mmmmmn=$#$B! %8&=$#$B H, D

IR end

i J

i begin

TR N"#$%&"&("$) %*&'$" -

IS #) %& D
TR, if | E#AFG

HINNI=$4#$B! %&=$#$B H, D

TIRIATINY end

i J

TIRITINY begin

nn N"#$%&"&("$) %*&'$".

IS A %& D
T, if | E#AFG

HnnnI=$4$B! %&=$#$B H, D

ITITINY end

i J

i begin

I 1"H$%& " &("$) %*&'$"/

IS %& D
i if | E#AFG

I =$4#$B! %&=$#$B H, D

TIRITINY end

i J

TITITINY begin

TR 1"#$%&"&("$)%*&'$"0

IS #) %& D
i if | E#AFG

HINNI=$4#$B! %&=$#$B H, D

i end

i J

IITINY begin

non 1"#$%&"&("$)%*&'$"1

IS A %& DI 11"2'%$3'4"$")%*&'$5"6$%& " 788"9'$(*
i if | E#AFG

HInn=$#$B! %&=$#$B H, D

IRy end

i J

i begin

i 1"H$%& " &("$) %*&'S":

IS %& D
i if | E#AFG

I =$#$B! %&=$#$B H, D

TIRITINY end

i J

IITINY begin

TR N"#$%&"&("$) %*&'S";

IS #) %& D
i if | E#AFG

HININI=$4#$B! %&=$#$B H, D

i end

i J

ITITINY begin

nun I"#$%E&"&("$") %*&'$"<

IS ) %&' D
i if | E#AFG

HInnI=$4$B! %&=$#$B H, D

TIRITINY end

i J! begin

I I"#$%E&"&("$") %*&'$"=

IS ) %&' D

TTIREI if | E#AFG
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I ES#Y%! & HSHY% () *
i end

i /

HITITINY begin

nun N"#$%8&"&("$") %*&'$"+
HIIINOSH#S! &

i if 17$@M

I #S#Y%! & 1"H#SH% (
i end

T /

I begin

N N"#$%&"&("$)%*&'$",
Hmos#s! &' 11

Iy if 1?7$@MB

TN 4 $#04)! & 1"#$#% (
I end

i /

i begin

TR N"#$%&"&("$) %*&'$" -
HIHINITOS#S! & 11

IR it 12$@m

I S 4% & 1"H#$H% (
IR end

I /

TR begin

IR 1"#$%8 & ("$) %*&'S".
HIHINITOS#S! & 11

IR it 12$@m
IS4 & "HSH% (
TR end

I /

i begin

TTINTIRII 1"H$%& " &("$) %*&'$"/
HIHIITO$#S! & 11

IR it 12$@/m
IS4 & 1"H#SH% (
TR end

I /

i begin

Page 11

I I"#0%&"1($"23,"8$04*5%&&'$" & (" 1%4%*6

HIIHIHINIHISO! &' *
IR if 1 ?KOH9YB

I S #%%)] & "#$#Y% (
IR end

i /

IR begin

IR 1"H$%& 07 75
HIHINITOS#S! &' *
HIHIHINIHISO! &' *
IR it 172$@m

I H$#9%)] & 1"#$#Y% (
IR end

I /

i begin

HIHININOS#S! &'l *
IR it 172$@m
IS4 & 1"#$#% (
IR end

I /

i begin

HIHINIOS#S! &n

IR if 1723@m
IS4 & 1"#$#Y% (
IR end

T /

i begin

HIHIHINIHISO! &' *
IR if 1 ?KOHIB
IS4 & 1"#$#Y% (
IR end

I /! begin
HININIO$HS! & *
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HINNe1$12! ’ &' 101$12 3
i end

T 7

TSI begin

%SS! &' +
IEITIREITY it %/
HINNo1$12! &' 101$12 3( +
IHRINTIY end

i 7

TSI begin

+

IETTIREITY it 1, %2/
HINNo1$12! &' 101$12 3( +
ITHIRINTIY end

T 7

i begin
IS 06! &' ! +
IHHHI%6$1$! &' +

HIHHNN01$12! &' 101$12 3(+
T end
i 7
I begin
HHHHIN%$1S$! & ! +
i it %/
HIHHNN01$12! &' 101$12 3(+
i end
i 7
T begin
NI 45 %! &'l +
TN if 1, %2/
HIHNN01$12! &' 101$12 3(+
LT end
i 7
I begin
TR 1"#$%&
TN if |, #'%@O0#AB-2! C' I0#AB-2 /101$12! &' 101$12 3( +
HIINIE"% @O#AB-2! & 10#AB-2 +
LT end
i 7! begin
I H"&($")*+,-./"0$$1&22

&' +

NI 4$%! &1 +

i if 1, $-. /101$12! & 101$12 3(+
nnnn end

i 7! begin

I 11"&($"2340$$1&22"56"1&7829&1":
HHHN%$1$! & +

i if 1, $-. /101$12! & 101$12 3( +
VI end

nnnn 7! begin

i 11":189&"95"1&7829&1":

HHHHN%$1$! &' E N O P! O300#AB-2 QQQ+
nunm if 1, $-. /101$12! & 101$12 3(+
NI end

VI 7! begin

i 11":089"651"#<="910(2>899&1"95"68(827
NI 4$9%! &' +

i if 1,:%"2/101%$12! &'! +

nnnn end

iy endcase

endmodule

"8<@">5%$3%4&"651"32&"A897"9?2&")*+,-./

module I;?-! | B2021P!-"#-.RS P1%$1$P!"#$% P1;%"2 P!$-. PI0-" Pl0%$/+
N input 1B2021 +

- input -"#-RS +
M input ! TG7: U%$1$ +
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M input "#$% &
M output '$'( &
I output N%"™ &
M output +" &
M output '+%$&

m reg!,-./0"%$1$ &
' reg I$( 2N%"™ &

m reg +" &

M reg +%$) &

I

m reg!,-./0+1%1* &

M assign +%$! 3!+%$)! 4! P! &
m

N always ! 9: posedge "#(;< =

NI §f 1 >*4%] =

nim begin

NI+ $1%1 7231/ &

ninnng: (! 231/ &

i end

m else

i case | : +1$1* =

i L IHS%&

i begin

NI+ 231 &
THERZE] 231 &
g (! 231 &
IO+ 23! &
i if 1 "#$%=
i begin

NN %$1$! ?31%$1$ &
nunnnnng( 23! &
HHHNN+1$1 %! 231+1$1* B5&
TN end

i end

i S mOx(

nimnn begin

TTHHHENC 23! &
IO+ 231 &
HHHIIINI+%$)! 23! &
HHHHII+1$1*! ?31+1$1* B5&
i end

i .

i begin

NI+ 23! &
HHNIN+1$1* ?31+1$1* B5&
i end

i )1 &+ #("-

i begin

NTHHHHENC 23! &
HHHIIIN+%$)! ?731"%$1$ |, - 0&
HH+1$1* 231+1$1* B5&
i end

i .

i begin

NI+ 23! &
HHH+1$1% ?31+1$1* B5&
i end

i 3

i begin

HHN+1$1* ?31+1$1* B5&
i end

i :

i begin

NI+ 23! &
HHHI+1$1% ?31+1$1* B5&
i end

i .

i begin

HINHIN+%$)! ?731"%$1$ | F0&
HHNN+1$1* ?31+41$1* B5&
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8"

[0}

g

h08:
begin
scl <= 1
state <=
end
h09:
begin
state <=
end
hOA:
begin
scl <= 1
state <=
end
hOB:
begin

'bl;
state+1;

state+1;

'b0;
state+1;

sdai <= ldata[5];

state <=
end
hOC:
begin
scl <= 1
state <=
end
hOD:
begin
state <=
end
hOE:
begin
scl <= 1
state <=
end
hOF:
begin

state+1;

'bl;
state+1;

state+1;

'b0;
state+1;

sdai <= ldata[4];

state <=
end
h10:
begin
scl <= 1
state <=
end
hl1l:
begin
state <=
end
hl2:
begin
scl <= 1
state <=
end
h13:
begin

statetl;

'bl;
state+1;

statetl;

'b0;
state+1;

sdai <= ldata[3];

state <=
end
hl4:
begin
scl <= 1
state <=
end
h1l5:
begin
state <=
end
hlé6:
begin
scl <= 1
state <=
end
hl7:
begin

state+1;

'bl;
statetl;

state+1;

'b0;
statetl;

Page 14
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begin

/ O-

/ O-

/ O-

/ O-

/ O-

/ O-

/

& I#)S *+,
&' 1"$).
end
4
begin
&' -
&' 1M$).
end
4
begin
&' 1"$).
end
4
begin
&' -
&' "$).
end
4
begin
& I#$$ *0,
&' 1M3).
end
4
begin
&'l -
&' 1"$).
en
4
begin
&' "M$).
end
4
begin
&'l -
&' 1"$).
end
4
begin
& 1#$)$ *9,
&' 1M3).
end
4
begin
&'l -
&' "M$).
end
4
begin
&' I"M$).
end
4
begin
&'l -
&' 1"M$).
end
AL N"HS%&' ()*+,*"-.
begin
&' "M$).
end
A
begin
&'l -
&' "3).
end
4
begin
&' M$).
end
4
begin
&'l
if 1 C(D$#E

/ O-

/0-

/ O-

Page 15
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I

i else
T 96$%/!
e end
Y 6
i begin

i end
i 6
i begin

i end
i 6
nimnn begin

i end
i endcase
endmodule

1T

Page 16
&' 1#3%$ (
&'! (
& 10(

end

&' 1.%$%/ 1+(

&'!
&' 1.9%$%/ 1+(

&'!
&' L%$%/ 1+(

&'
& 18(
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module "#$%&'()*+$,!
#&*(Bi+ 7

-. parameter ! 151671 I 51

7"#$%N&H#:$&'$$  9C

9l . #);

mrinput 4#:):;  7lk+=C

M input ! DEGF6AE><?@A,; C

M input ! DHFEGANINN"<? @A, C
M output !reg!DIHFEA"#&*(B:+ C
M output ! DEJF6A"#$%&$"# C

M input ! DKLF6G!"#$%&#:$'&'$;$ C

- wire DE6F6GB C

m  wire DHF6dE, C

- assign B! 51><?@A;! 4 C

mrassign LI 5"<?@A;! 4 C

I

e N#$%&' ()*+&#,-)*.*/1&#,-)*0*&1#&2*&3& 1% (*'+%'4*)#*5%)*4") *"$#6*789

e xnggr-0<=>0;*$%(#1,)?#-@

- NA?$%*B:; @;C*+&#,-)D"*E*F=*GE*:;<HI[*J*=* & <H*@*F=*K*0IL
m - NA?$%*BM@;C*/&#,-)D"*E*F=*GE*:;<HI*J*FF3*EE*H;NI*J*;*@*3*K*:I*@*3L

e Ig$*H; =0;;*$%(#1,) ?#-@

- wire ! DEGF6GE><?@A;&M! 5! . B! N5! 9l pIB! 4 IFl.B!Q 1 9C
m wire ! DHFEA"<?@A;&M! 5! . B! N5! 9l pr.. I 55! 9IPIElFLI A
I

M reg ! DEJF6A"#$%&$"# C

- always T.U9! begin

i if . ><?@A;&M\V! 1 WWI<?@A;&M! V! 9! begin

51 X"<?@A:&MDJ F6 G 1><?@A:&MD-F6 GYC
SI"H$%E#$&'S;$  DIHFEGC
""" 51 X 7 7 YC

im  end

endmodule ! '*/$'6D4?(P1'3

T<+=7><?@A;7"<?@A; 7"

9l'Fl, C
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module "#$%&'($)*&+%,!  -. parameter ! 15167! 151691, #); 7<(=7*<>?@; 7"<>?@;
T HRA+B:( 7
i 4#$% & $CCH 7"#$%&#:$C&CS$;$ 9D

N input #:):; 7<(= D

- input ! EF6GEH*<>?@; D

N input !ElI GGH!"<>?@; D

' output !reg ! EJl GGH"#&A+B:( D
M output ! EFKGSH"#$%&$CCH#D

- input ! ELVGEHI"#$%&#:3C&C$;$ D

i wire EF6GSHB D
I wire El GGHIN D

i assign B! 5*<>?@;! d D

mmn assign IN! 5I"<>?@;! 4 D

!!mm! !#$%&l()*|l+l$’_*n.||/|$’_*nonl1$|2|l|3|1&)||(+&(4|l*$n5&*n4(*(||#%$6n789

!!mm: ;%&"<:>?>@"+l$,'*A#"B"CD"EB":>FG HnluDu é|:>FGu?uCDan0HK

n::%&"<L?>@"/'$,-*A#"'B"CD"EB"=>FGH""CC3"BB"G>MH"I">"?"3"J"=H"?"3K
TR

&5 <=G2>@" 1% (6A(44%K

!!llllllllllll (3)NCOHI|P&5;_
!!llIllIIIIIIIIIIIIIIIIIIIIIII;#C+l$’_*A#IIQIIRF>II..II/I$’_*A#IIQIIFG>HIIP&S;_

I 1%(6A(44%"B"S/'$,-*A#<G?2>@T"+$,-*A#<L?2>@UK
I 1%AV;D&1"B"/%(6A%&(4A4(*(<OL?>@K

r— _4
rmm—g 1) @ 1P @5

I I%AV:D&1"B"S=>W4>T=>W4M=0T=>W4M=0UK

r— _4

g,

I IHS%& ()= +'$, - "/'$,-*"0" 1$'2"3'1&)" (+&(4"*$"5&*"4(*("#%$6"789

o 11:06&"<=>2>@"+'$, *A#"BCD"J"0HK

i I1:;06&"<=>?>@"+'$,-*A#"B"CD"EB"=>FGH"I"D" @=>FG"?"CD"J"0HK
1 %&"<G?2>@"/'$,-*A#"B™3K

T I1::06&"<L?>@"/'$,-*A#"B"CD"EB"=>FGH"|"CC3"BB"G>MH"I">"?"3"J"=H"?"3K

Il wire ! EF6GEH*<>?@;&" 5! . B! OS5 9rQp! 4 '@ .BI'RJ9D
Il wire ! El GGH"<>?@;&"  5!. B OY 9l .. N!55! 9rQ 6IANI RIEFOITGND
i

mmn I1:%&"<=>?>@"+'$,-*A#"B"CD"BB"=XFOH"I">"?"CD"BB"=XFXH"I"="?"CDJOHK

” | ” ;%&"<L?>@"/I$,'*A#"B"CD"BB":XFXH"I"C"C\?)"BB"G>FH"|">"?"C3"BB"G>M Hqu:n?uSJ:nHu?
"3K

T

e 19%&5"<=>?>@"+'$,-*A#$14B>K
i reg ! EFKGEHI"#$%&$CC# 56D
i 11:;96&"<L?>@"/'$,-*A#K

e 19%&5"<=F?>@"+'$,-*A-&D*B>K

nmnm always U. posedge !<(= 9! begin !

m if .. *<>?2@;&" W 9l WW<>?@;&'! V! 9! begin

I #H'CYC/'$,-*A#HZBI'S,-*A#$14H..CC+'$,-*A#ZB+'$,-*A#$14H..YC+'
$,-*A#BB>HH"!I+'$,-*"+(-5&4

I '1;-&'$,-*&%QB1;-&'$,-*&%J=K

I #'C+'$,-*A#BB>H"1;-&'$,-*&%QB>K

I HCI'S,-*AHZBI'S,-*A#S14H..['S,-*A#ZB>H"P&5;-"II/'S,-*"+(-

5&4

I 1;-&'$,-*&%QB>K

I 1&%*'$,-*QB/&%*'$,-*IRF>K"&-4

! #'Cl'S,-*A#BB>H"P&5;-

I 1&%*'$,-*QB>K&-4

i 1/%(6A(44%"B"C/'$,-*A#QQLHJIC/'$,-*A#QQ[HI+'$,-*A#<=>?>@K
i 11/%(6A(44%"B"CCCS/'$,-*A#<G?>@T"+'$,-*A#<L?>@UHQQXH e
Hnnm IS/'$,-*A#<G?>@T"+'$,-*A#<L?>@UHEEXK
£ $% & $CCH! V5IF<>?2@;&' El GGHR'<>?@;&' EKGSHXSPED
i I+'$,-*A-&D*QBCC+'$,-*A#<L?>@J=HOMHEEOK"
i 1/%(6A(44%"QB"S/'$,-*A#<G?>@EE=T"+'$,-*A-&D*<L?>@UK
i 11/%(6A(44%"QB"S/'S,-*A#<G?>@EE=T"+'$,-*A#<L?>@UK
i IL#'CC+'$,-*A#BB>H..C/'$,-*A#BB>HH"/%(6A(44%QB>K
i 11&1)&"/%(6A(44%QB/%(6A(44%J=K

i 11/%(6A(44%"QB"/1&%*'$,-*J1;-&'$,-*&%K

I 4L A+B: (! V5I"#$%&#:$C&C$;$ EJI G5HD

i 1/%(6A(44%"QB"S/'$,-*A#<G?>@EE=T"+'$,-*A#<L?>@EE=UK
i /$,-*-&D*QBRF>0C/'$,-*A#J=H

i end

ITTSEIIARINTIY else ! begin
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M T

I/l xvga: Generate XVGA display signals (800 x 600 @ 60Hz)

module xvga (vclock , hcount , vcount , hsync , vsync , blank );

input  vclock

output [ 10: 0] hcount

output [ 9: 0] vcount

output vsync

output hsync

output blank

reg hsync ,vsync , hblank , vblank , blank ;

reg [10:0] hcount ; /I pixel number on current line
reg [9:0] vcount ; /l'line number

/I horizontal: 1056 pixels total
/I display 800 pixels per line

wire hsyncon , hsyncoff | hreset , hblankon ;
assign hblankon = (hcount == );
assign hsyncon = (hcount == );
assign hsyncoff = (hcount == );
assign hreset = (hcount == ;

/I vertical: 628 lines total
/I display 600 lines

wire vsyncon , vsyncoff | vreset , vblankon ;
assign vblankon =hreset & (vcount == );
assign vsyncon =hreset & (vcount == );
assign vsyncoff =hreset & (vcount == );
assign vreset =hreset & (vcount == );
/I sync and blanking
wire next_hblank , hext_vblank
assign next_hblank = hreset ? . hblankon 7 . hblank
assign next_vblank =vreset ? . vblankon  ? . vblank
always @(osedge vclock ) begin
hcount <=hreset ? : hcount +
hblank <= next_hblank
hsync <= hsyncon ? . hsyncoff ? . hsync ; [/l active low
vcount <=hreset ? (vreset *? :veount + 1) : vcount
vblank <= next_vblank
vsync <=vsyncon ? . vsyncoff ? :vsync ; [/l active low
blank <= next_vblank | (next_hblank & ~hreset );
end
endmodule

Wl

/I xvga: Generate XVGA display signals (1024 x 768 @ 60Hz)

module xvga(vclock,hcount,vcount,hsync,vsync,blank);
input vclock;
output [10:0] hcount;
output [9:0] vcount;
output VSync;
output hsync;
output blank;

reg hsync,vsync,hblank,vblank,blank;
reg [10:0] hcount; // pixel number on current line
reg [9:0] vcount;  // line number

/[ horizontal: 1344 pixels total

/I display 1024 pixels per line

wire  hsyncon,hsyncoff,hreset,hblankon;
assign hblankon = (hcount == 1023);
assign hsyncon = (hcount == 1047);
assign hsyncoff = (hcount == 1183);
assign hreset = (hcount == 1343);

/I vertical: 806 lines total
/I display 768 lines
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wire  vsyncon,vsyncoff,vreset,vblankon;
assign vblankon = hreset & (vcount == 767);
assign vsyncon = hreset & (vcount == 776);
assign vsyncoff = hreset & (vcount == 782);
assign vreset = hreset & (vcount == 805);

I/l sync and blanking
wire  next_hblank,next_vblank;
assign next_hblank = hreset ? 0 : hblankon ? 1 : hblank;
assign next_vblank = vreset ? 0 : vblankon ? 1 : vblank;
always @ (posedge vclock) begin

hcount <= hreset ? 0 : hcount + 1;

hblank <= next_hblank;

hsync <= hsyncon ? 0 : hsyncoff ? 1 : hsync; // active low

vcount <= hreset ? (vreset ? 0 : vcount + 1) : vcount;
vblank <= next_vblank;
vsync <= vsyncon ? 0 : vsyncoff ? 1 : vsync; // active low

blank <= next_vblank | (next_hblank & ~hreset);
end
endmodule*/
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e
4"

" HEY68& () <#+,-,.1-O.
g
14""#1)2)-3,#45'673%28*
114

I !
1

module "#$#%&$'%! () * 1+ *1+%* 1, *1- ¥ *IH/0 *1$12 34
output 567891, *I- *I. 4

input #/0 *$124
input 5: 7891 *1+$ *1+%4

wire ! 56789!, *-* 4

reg ! 5&87891,;<=2  *-<=2 * ;<=2 *>;<=2 *?,<=2 * @;<=2 * .&;<=2 *+;<=2 4!
reg ! 5: 789#A=12@* #A=12&* #A=12B* #A=12C* #A=12D4

reg 5: 7891);$E' *1+$;$E' *1+%;$E' 4

I

i!-)0387)-320#,%2876278
always ! F! (posedge #/0 3

begin

H#A=12@! G AWN9:9; <#=#>9:>>9>9>0>
IH#A=12&! G AN 7@ #=#>9:9>>99>>>
#A=12B! d HAI>: AIOB#=#>>:99>9>>>>
I#A=12C! & HA1>:B@/M#H=#>>:>99>>9>>
I#A=12D! G 43 11[:>9CH=#9>:>>>>>0>>
end

always ! F! (posedge #/0! or ! posedge !$12 3

m if 1($123

nm begin

miy; el IG! 841+$;$E"  IG! 841+%;$E" IG! 84
mm end

1 else 1

i begin

;. ge'l IGl) 41+$;$E"T  IG!+$ 41+%;$E" |G !1+%4
i end

always ! F! (posedge #/0! or! posedge !$12 3

moif 1($123

i begin

o, <=21 IG! 84l.@;<=2! IG! 841&;<=2! |G! 84!+;<=2! |G! 84!>;<=2!
i end

I else !l

- begin

Hh>:<=21 IG! (#A=12@!1J! ();$E"! 4 3314
nn?,<=21 IG! (#A=12&! J! (+$;$E" 4 334
nm.@;<=2! IG! (#A=12B! J! (+$;$E" 4 334
. &;<=21 IG! (#A=12C! J! ( +%;$E'l 4 334
H+;<=21 IG! (#A=12D! J! ( +%;$E'l € 334
mn end

always ! F! (posedge #/0! or ! posedge !$12 3

moif (%123

nm begin

i -<=21 IG!84l-,<=2! |G!84l;<=2! 1G! &4
mm end

I else N

m - pegin

i <=21 IGI><=21 M?;<=2 4l

- <=2| IGl><=2! d.@;<=2! d.&<=2 4!
i ;<=21 IGI><=2] M+;<=2 4!

mr - end

1"6(D6+SHE#FGY%8)&O0)#, (H#Y%-#G %8)&0)#-87
HHH3IHF-87

HHHH.)032

HHHEHHK L32THM=#>NH#1L 32 THM=#>N#OL327#M=#>N
HHHHHH) 2&

i) (8)H#

IG!
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HN"4#$%&

M%&) 1*+1,-.&/)0!1!,2(3#$! d456788!9

I (%&) *+1'(%&);),-.&N)<!1!,=3(3#$! €45>0<889!!
HN2(%&)1*+!'(%&)! d,-.&)@!1!,=3(3#%! €45>0<88! d4,-.&/)7!1!,="(3#3!
HHA(%&)*+1'(%&)!;!,-.&/)>111,="(3#$! d45>0<889!

NN#&5

1B

B1!IC%D%)!.E)FE)!).!G!
assign "l #! $"%&'( )
assign 17! #! $7%&'( )
assign 18! #! $8%&'( )

endmodule

d7GH>*GI#IEKC/!.IK&5!IL7GH>#JEKC/'7TGH>!1B

LTI $0&( ) 01/ 02, 1 ##) 1L 10e&( ) 05/
LV $T%&( ) 01/ 02, 1 ##] L 17%&( ) 05/
S 1 $8%&( ) 01/ 02, 1 ##! 1. 18%&'( ) 05/

é45>0<889!

[e)NerN e}
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module "#$%&"%()*+,- #--+ [ 1)0123%4-(-$%# /|

NN 567%((1)$)%30$ / 1)567%(1)$)%28 |/ 1)567%(985: /
NS 67%#2$%5,35; /

nunn

HHHHINII<=)%30$%4-1 [ 1<=)%30$%=4--8 / 1<=)%30$%#,0- / !<=)%30$%(985%# /
HHNNNINN<=)%30$%#,)8;%# / 1<=)%30$%+2>-,9%5,35; / 1<=)%30$%:(985 /
HHIHHNNN<=)%30$%<(985 /

HHHIINN$<%30$%9545# / 1$<%30$%4-(-$%# | 1$<%30$%5,35; / 1$<%30$%2?5%5,35; /
HHHHNNN$<%30$%225%1)$) 1 1$<%30$%+),%8%$(5 / 1$<%30$%:(985%# /
HHHIIN$<%30$%<(985%# | 1$<%30$%#,)8:%¢# | 1$<%30$%(0#5)4%4-(-$ |
HHHIIINNS<9628%9545# [ 1$<%28%1)$)%<),21 / 1$<%28%,28-%5,35;' |
HHHHIIN$<9%28%,28-%5,35;? 1 1$<%28%)-@/ 1$<%28%:@ @!$<%28%)@ @
HHHIINN$<9%28%2725%5,35; [ 1$<%28%275%1)$) / 1$<%28%@2@3%4-)1
HHHHNNN$<%28%@2@3%5,35; / 1$<%28%2(3 / 1$<%28%4-(-$%# / 1$<%28%5,35; /
HHHIIINA)*A%1)$) [ 14)*A%)114-(( | 14)*A%)1<%,1 [ 14)*A%5,; [ 14)*A%5-8%# |
HHHHIIIA)*A%5-Ohbtt | 14)*A%3-%# | 14)*A%B-%# | 14)*A%#B-%tt | |

N4> %1)$) [14)*%)114-(( [ 14)*%)1<%,1 /14)*%5,; [ 14)*%5-8%# |
HHHHIIIA)*05-0h# | 14)*%3-%# | 14)*%B-%# | 14)*%#B-%# |

NS 35:%@--1#)5;%30$ / 15,35;%@--1#)5;%28 |

nnnnmn@,)(:%1)$) 11@))(%)114-((  /1@,)(%5-%# | 1@,)(:%3-%# [ !@,)(:%B-%t# |
mumnnn@,)(:%4-(-$%# 1@,)(%S$( /'@,)(%#H9$-%# |

HHHNNA(2C2%$>1 | 14(2C?%4>1 | 14(?C?%4$( / 14(?C?%5%( /
HHHIIIF30(-%5,35; [ 1¥30(-%1)$)  / 1;-9#3)41%5,35; | :-9#3)41%1)$)  /
HIUNINNNG 35:0627+:" /15,35, /15352 |/

N2 (+9%#,)8; [ 112(+%1)$)%30$ / 112(+%5,35; / 112(+%4( / 112(+%5-%# |
N2 (+%4-(-$%6# / 112(+%1)$)%28 /

HHHIIII#0$$38A / 1#0$$38' | 1#0$$38?7 / 1#0$$38C / 1#0$$38%-8%-4 | 1#0$$38%42=:$ /
HInnNN#0$$38%,-@$ / 1#0$$38%13B8 / 1#0$$38%0+ /

Hnn(B2$5: /

nun -1 /

nunn

nunnnno(-4' /10(-4? /10(-4C /10(-4D /

NI

NN 0=:$-45)41 /

HINIINN9($-*)5-%1)$) / 1(9($-*)5-%)114-(( / (9($-*)5-%5-%# |
HHHHIINI9($-*)5-%B-Y%# [ 1(9($-%)5-%3-%# | 1(9($-*)5-%24E | 1(9($-*)5-%*+#419
nun

HINHNNINDN),9"-4'%1)$) / 1)8),9"-4'%5,35; /

nunnnmnmg),9"-42%1)$) / 1)8),9"-42%5,35; /

Hunnmgg),9"-4C%1)$) / 1)8),9"-4C%5,35; /

nunnnnmg),9"-4D%1)$) / 1)8),9"-4D%5,35; FG

Il H285,01- ! +)4)*J<I

I output -+ /1)0123%4-(-$%# | 1)567%(985: / 1)567%(1)$)%30$ G

I input 11)567%#2%$%5,35;  / 1)567%(1)$)%28 G

I

I output ! K7LAM<=)%30$%4-1 / 1<=)%30$%=4--8 | 1<=)%30$%#,0- G

I output 1<=)%30$%(985%# / 1<=)%30$%#,)8;%# | 1<=)%30$%+2>-,%5,35; |
HIN1<=)%30$%:(985 / 1<=)%30$%<(985 G

M output ! KELAM$<%30$%9545# G

M output !$<%30$%4-(-$%# / 1$<%30$%5,35; / 1$<%30$%2?5%5,35; / 1$<%30$%2?5%1)$) /

Mnm$<9630$%+),%8%$(5 / 1$<%30$%:(985%# / 1$<%30$%<(985%#/ 1$<%30$%#,)8;%# /
G

it
W input 11 K6 LAM$<%28%9545#G

N input 1$<%28%1)$)%<),21 [ 1$<%28%,28-%5,35; | 1$<%28%,28-%5,35:? | 1$<%28%)-@/
HINNIS<%28%:@@ | 1$<%28%)@ @
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W output I"#$%&S%'(SO*(+ |, 'HS%E&S-%-*$./0L |, I"HS%&S-%-*$O*(+  , I"#$%&$%2* |
nnmn"#$%&$./2/'$3 , "HSNES()H(+ 4

I inout 1"#$%&$%'($10"0 4

i

N inout !! 56789:1.0;9%10"0 4

I output !5<=89:1.0;9$011./22 4

M output L0;9$01#$)1 |, L0;9$(0)+ , L.0;9$(/&$3 |, L.0;9$(/$3 |, L.O;9$*/$3 |, 1.0;9$>/$3
I output !5689:1.0;9%$3>/$3 4

m

M inout ! 56789:1.0;<$10"0 4

I output !5<=89:1.0;<$011./22 4

I output 1.0;<$01#$)1 | L.0;<$(0)+ , L.O;<B(/&$3 , 1.O;<P(/$3 , LO<$*/$3  , 1.0;<$>/$3
M output !5689:1.0;<$3>/$3 4

M input NOX(+$-/130(+$%&. 4

M output )*(+$-//130(+$*?" 4

m

I inout I 5<789:1)02@$10"0 4

M output !5'6 89:1-)02@%$011./22 4

M output 1-)02@$(/$3 , 1-)02@$*/$3 |, 1-)02@$>/$3 |, 1-)02@%./2/'$3 | 1)02@$3A/$3 4
N input 11)02@%$2"2 4

I

N output 1.2'6'$"Bl , 1.2'6'$."2 4

M input 1.2'6'$.B1  , 1.2'6'$("2 4

I input  15*22/$(0)*(+ L 1*92/$10"0 |, 14+/A3*0.1$()*(+ , 1+/A3%0.1$10"0 4

I input NO*(+$'C;@D |, 10*(+< 0%+ 4

I output 11%2E$3)0&+ , 11%2E$()*(+ , 11%2E$.2 |, 11%2E$(/$3 , 11%2E$./2/'$3 Al
M input 111%2E$10"0$%& 4

N output 1"1%2E$10"0$*?" 4

m

- input N3?"*&9 | I3?7"*&< , 13?"*&' | 13?7"™*&6 , 13?"*&$/&"/. , 132"*&$.%F@"
32 & $)/-" , 137" *&$1>& |, 13?MES?E 4

- input 1 5C89: 12>%"(@ 4

' output 15C89: /1 4

N inout 156<89:1?2/< 1?22/ ,1?22/6 ,1?2/.G 4

m

' inout !5G689: 110?F@"/.(0.1 4

M inout !l 5<789:12A2";0(/$10"0 4

' output !5H89: 12A2"/;0(/$011./22 4

I output 12A2"0(/$(/$3 | 12A2",0(/$>/$3 | 12A2"1;0(/$*/$3 4

M input 12A2"/;0(/$%.1 , 12A2";,0(/$;E3.1A 4

I output !5<789: I10&0)AD/.<$10"0 , !0&0)AD/.'$10"0 , 10&0)AD/.6$10"0 !
o &0)AD/.G$10"0 4

Il output 10&0)AD/.<$()*(+  , l0&0)AD/.'$()*(+ . 10&0)AD/.6$(0)*(+ , 10&0)AD/.G$()*(+
T T T T T

mon

IS %E&& ())&

m o

0 I

m

- n"oe-'/"#)0-,"1)."$-,0-,

I assign 13//E J! 4

M assign 10?1%+*$./2/'$3! J! 4

M assign 10(LC$2A&(@! J! 4

I assign 10(LC$210"0%*?"! J! 4

12

2!

1 11"13456&.1,16""&"1)")0-,

7' +/"$-,0-,

I assign "#$*?"SA((3! Jl 7|

M assign !"#$*?"$./2/"$3! J! 4

M assign "#$*2"$()*(+! J! 4

I assign "#$*2"$%'($()*(+! J! 4

M assign !"#$*?"$%'($10"0! J! 4

m 4

assign !"#$*?"$E0)$&"2(! J!

4

4
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M assign !"#$%&"$'()*+$,! -1

M assign "#$%&"$#()*+$,! -1

M assign !"#$%&"$,12*3$,! -

M assign !"#$%&"$(&,+24%$45(5"! -
1

N IH$%&™ (),

m o 1-.$/)",01$)1$23134'35"6"789:;

M assign "#$7*$878%%$4529! -! 0

M assign "#$7*$878%$+1%+3! - ! 0

M assign I"#$7*$7(%! -! 0

m n-.$/)"01%$)1<&.&,19"6"789:;

M assign "#$7*$+1%+3! - 1+1%+3%$:;;<'=  011789;;

m 1-.$/)",01$)1$231%-,-"6"789=;

1" 01$)1>3<39?7",01$)1%-,-10-4$%7?",01$)14$)&134'357?",01$)14$)&134'352?"
o 101$)1-&@7",01$)1A@@7"-)%",01$)1-@ @"-<&"$)*+,.

1

I 1I"BCDE.

i elele]

IF"3A-)/&"4$)&."9&4'G","'&)-94&"=HI|"CDE"9-)5:"F!

IF
- $0)"<-J:1%-,-"6"KL8A=;

L $)"<-0:1-%0%6<&..."6"TMBA;

e $/)'<-J:1345"6"789:;

- $/)"<-J:1G&19"6"7897;

L $)"<-0:13&)19"6"789:;"""11"34'35"€)-04&
FI

IF"&)-94&"CDE"*$)."F!

I assign 142<6$+5%,! -! 0
M assign 142<6%$%5$,! -! 0
M assign 142<6$29#$19! - ! 0
I assign 142<6$,>5%,! -! 0!
IFFFFFFFFFF!

- 1-.9$/)"<-J71%-,-"6"KL8A=;"

m -, $/)"<-J71-%%<&.."6"7M8A:;

I assign 142<.$29#$19! - 0

- 1-.$/)"<-J71345"6"789:;

11

- NNA&.&"0-4+&."A-.",""9&".&,",""4$5&"<-J:"$@"<-J7"$."+.&%N
nm1-.9$/)"<-J713&)19"6"7897;

M assign 142<.$+5%,! -! 0
M assign 142<.$%5%$,! -! 0
nm 1-,.9$/)"<-J71G&19"6"789:;

M assign 142<.$,>5$,! -1 0

I 1"34'351@&&%9-351'+,"G$44"9&. - .. $/)&%"9>"<-J34'35
1 $))"34'351 @&&I69-351'+,"6"789:; " 112:77 €00 &r:
Nl 1"34'351 @&&%9-351$)"$.")"$)*+,

1

Il 11"P4-.A"CQE

- $/)"@4-.A1%-,-"6"7L8A=;

M 1-.$/)" @4-.AL-%%<&.."6"2R8A;

o 1-.$/)"@4-.A138&19"6"7897;

- $/)"@4-.A1'819"6"7897;

- $/)"@4-.A1G&19"6"7897;

-3/ @4-.A1<&.&,19"6"789:;

o 1-.$/)"@4-.A19>,&19"6"7897;

M 1"@4-AL.,."$.")"$)*+,

m n"cB &K2"(),&<@-3&

N assign 14(.@:$"A9! - ! 0

M assign 4(@:$4"( ! 0
"<, 2K21<S%"-)%"<.2K213,."-<&"$)*+,.

- "TBI2"T'<,.
m 1"J'+.&134'35?"J'+.&1%-,-?"5&>9'-<%134'35?"-)%"5&>9'-<%1%-,-"-<&"$)*+,.

N UVWIWS.*4->,
IF
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assign disp blank = 1'bl;
assign disp clock = 1'b0;
assign disp rs = 1'b0;
assign disp ce b = 1'bl;
assign disp reset b = 1'b0;

*/

assign disp data out = 1'b0;

// disp data in is an input

// Buttons, Switches, and Individual LEDs

//lab3 assign led = 8'hFF;

// button0, buttonl, button2, button3, button enter, button right,
// button left, button down, button up, and switches are inputs

// User I/Os

assign userl[31:1] = ;
assign user?2
assign user3
assign user4 ;

// Daughtercard Connectors
assign daughtercard = ;

// SystemACE Microprocessor Port

a551gn systemace_data = ;

assign systemace address = ;

assign systemace ce b = ;

assign systemace we b ;

assign systemace oe b ;

// systemace irqg and systemace mpbrdy are inputs

// Logic Analyzer

Page 4

assign
assign
assign
assign
assign

analyzerl data =
analyzerl clock =
analyzer2 data =
analyzer2 clock =
analyzer3 data =

assign
assign
assign

L1777 77 7777777777 77777777777777777777777777777777777777777777777777777777777

// Demonstration of ZBT RAM as video memory

analyzer3 clock =
analyzer4 data =
analyzer4 clock =

Ne Ne Ne Ne Ne Ne we ~e

// use FPGA's digital clock manager to produce a
// 65MHz clock (actually 64.8MHz)
wire clock 65mhz unbuf,clock 65mhz;
DCM Vclkl( CLKIN(clock 27mhz), CLKFX(clock 65mhz unbuf));

// synthesis
// synthesis
// synthesis

attribute CLKFX DIVIDE of vclkl is 10
attribute CLKFX_MULTIPLY of vclkl is 24
attribute CLK FEEDBACK of vclkl is NONE

//

wire clock_65mhz =

// synthesis attribute CLKIN PERIOD of vclkl is 37
BUFG vclk2(.0(clock 65mhz),.I(clock 65mhz unbuf));*/
wire clk = // gph 2011 é&ovélo
L1777 77 7777777777777 S S
// Demonstration of ZBT RAM as video memory
// use FPGA's digital clock manager to produce a
// 40MHz clock (actually 40.5MHz)
wire clock_40mhz_unbuf,clock_40mhz;
velkl (. (clock 27mhz), . (clock 40mhz_unbuf));
// synthesis attribute CLKFX DIVIDE of vclkl is 2
// synthesis attribute CLKFX MULTIPLY of vclkl is 3
// synthesis attribute CLK_FEEDBACK of vclkl is NONE
// synthesis attribute CLKIN PERIOD of vclkl is 37
//wire clk =

clock 65mhz;

vclk2(.0(clock_40mhz), .I(clock 40mhz_unbuf));
clock 40mhz;

wire locked;
//assign clock feedback out = 0; // gph 2011é&ovélo

clock _40mhz; // when switching from 1024x768 to 800x600
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ramclock rc(.ref clock(clock 65mhz), .fpga clock(clk),
.ram0_clock(ram0_clk),
.raml clock(raml clk), //uncomment if raml

is used
.clock feedback in(clock_ feedback in),
.clock_feedback out(clock feedback out), .lo
cked(locked));
// power éon reset generation
wire power on_reset; // remain high for first 16 clocks
reset_sr (.D( )r . (clk), .Q(power_on_reset),

( )r - ( )r - ( )r - ( ));

defparam reset_ sr. = 7

// ENTER button is user reset €€# (DISABLED)

wire reset,user reset;

//debounce dbl(power on reset, clk, ~button enter, user reset);
assign user reset = ;

assign reset = user reset | power on reset;

// display module for debugging

reg [63:0] dispdata;

display_ l6hex hexdispl(reset, clk, dispdata,
disp blank, disp clock, disp rs, disp ce b,
disp reset b, disp data out);

// generate basic XVGA video signals

wire [10:0] hcount;

wire [9:0] vcount;

wire hsync,vsync,blank;

xvga xvgal(clk,hcount,vcount, hsync,vsync,blank);

// wire up to ZBT ram

wire [35:0] vram write data;
wire [35:0] vram read data;
wire [18:0] vram addr;

wire vram we;

wire ram0_clk not used;

zbt 6111 zbtO(clk, , vram we, vram addr,
vram write data, vram read data,
ram0_clk not used, //to get good timing, don't connect ram clk

to zbt 6111
ram0_we b, ram0_address, ram0_data, ramO_cen b);

// generate pixel value from reading ZBT memory

wire [29:0] vr_pixel;
wire [18:0] display addr;
vram display #(1,0) /*#(192,144)*/ vdl(reset,clk,hcount,vcount,vr pixel,

display_ addr,vram read _data);

// ADV7185 NTSC decoder interface code

// adv7185 initialization module

adv7185init adv7185(.reset(reset), .clock 27mhz(clock 27mhz),
.source( ), .tv_in reset b(tv_in reset b),
.tv_in i2c¢_clock(tv_in i2c_clock),
.tv_in i2c data(tv_in i2c_data));

wire [29:0] ycrcb; // video data (luminance, chrominance)
wire [2:0] fvh; // sync for field, vertical, horizontal
wire dv; // data valid
ntsc_decode decode (.clk(tv_in line clockl), .reset(reset),
.tv_in_ycrcb(tv_in ycrcb[19:107]),
.ycrcb(ycreb), .f(fvh[2]),
.v(fvh[1]), .h(fvh[0]), .data valid(dv));

// code to write NTSC data to video memory
wire [18:0] ntsc_addr;
wire [35:0] ntsc_data;
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wire ntsc_we;
ntsc_to_zbt n2z (clk, tv_in line clockl, fvh, dv, ycrcb[29:0],
ntsc_addr, ntsc_data, ntsc_we);

A N N N A A A a
//

// Input Buttons & Switches
//
L1777 77 7777777777777/ 7SS S S

wire sw_ntsc, enhance en, filters en, store bram; // editing & storage
wire text en, graphics en, move sw, custom text en; // text & graphics
wire up, down, left, right, enter;

wire select0, selectl, select2, select3;

debounce db2(.reset(reset),.clk(clock 65mhz),.noisy(~switch]

]1),.clean(sw_ntsc))
debounce db3(.reset(reset),.clk(clock 65mhz),.noisy(switch[6]),

.clean(enhance_en))
debounce db4(.reset(reset),.clk(clock 65mhz), .noisy(switch[5]),.clean(filters_en))

.clean(text _en));

debounce db5(.reset(reset),.clk(clock 65mhz),.noisy(switch[4]),
1),.clean(graphics_en)

debounce dbé6(.reset(reset),.clk(clock 65mhz),.noisy(switch|
) i

debounce db7(.reset(reset),.clk(clock 65mhz), .noisy(switch[2]
debounce db8(.reset(reset),.clk(clock 65mhz), .noisy(switch[1]
en));

debounce db9(.reset(reset),.clk(clock 65mhz), .noisy(switch[0]),.clean(store bram))

), .clean(move_sw));
), .clean(custom_text_

.
14

debounce dbl0(.reset(reset),.clk(clock 65mhz),.noisy(~button up),.clean(up));
debounce dbll(.reset(reset),.clk(clock 65mhz),.noisy(~button_down),.clean(down));
debounce dbl2(.reset(reset),.clk(clock 65mhz),.noisy(~button left),.clean(left));
debounce dbl3(.reset(reset),.clk(clock 65mhz),.noisy(~button right),.clean(right))

debounce dbl4(.reset(reset),.clk(clock 65mhz),.noisy(~button_enter), .clean(enter))

debounce dbl5(.reset(reset),.clk(clock 65mhz),.noisy(~button0),.clean(select0));
debounce dbl6(.reset(reset),.clk(clock 65mhz),.noisy(~buttonl),.clean(selectl));
debounce dbl7(.reset(reset),.clk(clock 65mhz),.noisy(~button2),.clean(select2));
debounce dbl8(.reset(reset),.clk(clock 65mhz),.noisy(~button3),.clean(select3));

wire move_ text_en; // when move sw is low

wire move_graphics_en; // when move sw is high

assign {move text en, move graphics en} = {-move sw, move_sw};
wire sw_ntsc_n = ~sw_ntsc;

select0 && selectl && select2 && select3;
up && down && left && right && enter;

wire sel_all
wire but all

wire sw_all = switch[7] && switch[6] && switch[5] && switch[4] && switch[3] && swi
tch[2] && switch[1l] && switch[0];
wire sel on = select0 || selectl || select2 || select3;

N N N A

wire [35:0] write_data = ntsc_data;
//address is either chosen by camera or display
assign vram addr = sw_ntsc ? ntsc_addr : display addr;
//write enable when in write mode and camera wants to write
assign vram we = sw_ntsc & ntsc_we;
assign vram write data = write data;

;;//////////////////////////////////////////////////////////////////////////
// Main FSM

//

L7777 7777 777777/ S S S S S S SSSSSSSSS

wire [2:0] fsm state;
wire sw_ntsc_falling;
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main_ fsm fsml(

.clk (clk),

.rst (reset),
.sw_ntsc (sw_ntsc_n),
.enter (enter),
.store bram (store bram),
.fsm_state (fsm_state),

.sw_ntsc_falling (sw_ntsc_falling)

)i

A N A a
/7

// Background Selection

L1777 77 77777777777 7777777777777777777777777777777777777777777777777777777777

// determine which background was selected

reg |
wire

] background g;
[2:0] background = background_g;

always @ (posedge clk) begin

if
if
if
if
if
end

((fsm_state ==
((fsm_state ==
((fsm_state ==
((fsm_state ==
((fsm_state ==

&& select0) background g <= H
&& selectl) background g <= :

&& select2) background g <= :
&& select3) background g <= :
&& sel _all) background g <= :

~— — — — ~—

L1177 7 7777777777777 777777777777 7777777777777 77777777/
/7

// Flash & Background Storage

/7
L1777 77 7777777777 77777777777777777777777777777777777777777777777777777777777

//ALL THE FLASH STUFF

wire [15:0] wdata; //write data. not needed here

wire writemode;

wire dowrite;

wire [22:0] raddr; // address of where we want to read from flash (playing f

rom flash)

wire [15:0] frdata; //data being read

wire doread; // tell flash to read from memory

wire busy; // flash is busy, don't read/write when asserted
wire [11:0] fsmstate; //for debugging

wire dots;

wire flashreset; //done want this asserted easily/at all
assign flashreset=sw_all && but all && sel all;

reg [2:0] pictsel=4;
always @ (posedge clock 27mhz) pictsel<={ , background[1:01]1};
wire start;
assign start = (fsm _state == ) && sel on;
wire [22:0] flashaddr;
wire fifo rd en, fifo wr en, fifo empty, fifo full;
wire [18:0] display addr flash img;
wire [35:0] vram read data_flash img;
wire [ ] fifodata;
wire [18:0] zbtaddr;
reg [18:0] zbtwrite=0;

dresses

wire loaded;

wire zbt we;

reg busy_ old;

reg readytostore=0;

assign zbt we= readytostore;

wire image loaded = (zbtwrite == )
assign zbtaddr= loaded ? display addr flash img : zbtwrite; //reading vs writing a
wire raml clk not_ used;
reg [15:0] datatostore=0; //16 bit color pixels
zbt 6111 zbt 6111 flash img(clk, ,2bt_we,zbtaddr, { ,datatostore}, v

ram read data_ flash img,

raml_clk not used, raml we_ b, raml_address, raml data, r

aml cen b);
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flash _manager flash(.clock(clock 27mhz), .reset(flashreset), .dots(dots), .w

ritemode (writemode), .wdata(wdata),

.dowrite(dowrite), .raddr(raddr), .frdata(
frdata), .doread(doread), .busy(busy),

.flash data(flash_data), .flash address(fl
ash address), .flash ce b(flash ce b),

.flash oe b(flash _oe_b), .flash we b(flash
_we_b), .flash reset b(flash reset b),

.flash sts(flash_sts), .flash_byte b(flash
_byte b), .fsmstate(fsmstate));

flashreader flashreader(clock 27mhz,flashreset,busy,start,pictsel,raddr,
writemode, do
write,doread,wdata, loaded);

reg [15:0] frdata_g=0;
reg [18:0] frdata ctr_g = 0;
reg [18:0] datathing=0;

always @(posedge clk) begin

busy old<=busy;

if (start) zbtwrite<=0;

if (~start && busy old && ~busy && ~loaded) begin //edge detection o

n busy signal

datatostore<=frdata;
readytostore<=1;
zbtwrite<=zbtwrite+l;
datathing<=datathing+1;

end
else readytostore<=0;
end
wire [29:0] bkgd vr pixel;
vram flash img #(0,0) vd2(reset,clk,hcount,vcount,bkgd vr pixel,

display addr flash img,vram read data flash img);
VA A A A A A a a
//
// Custom Text

//
N N A Ve

wire [ *3 €l:0] char_array; // useréentered characters
wire char array rdy; // after user presses enter when entering keyboard input
wire [5:0] num char; // num char user has entered via keyboard
custom_text #( ) custom textl(

.clock 27mhz (clock 27mhz),

.reset (reset),

.custom_text en (custom_text en),

.fsm_state (fsm_state),

.button_enter (enter),

.keyboard clock (keyboard clock),

.keyboard_data (keyboard data),

.char_array (char_array),

.char_array rdy (char_array_rdy),

.num_char (num_char)

)i
;;//////////////////////////////////////////////////////////////////////////
// Output Pixel

//

VAN A A AN A A A A A A A A A A A VN A A A A A A N N A A A A A A N N A S A A A A N N A A A A A A N N A A A A A A S N S N A 4

// VGA signals
wire [23:0] pixel out;
wire blank out, hsync_out, vsync_out;

// BRAM signals
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wire [10:0] h_offset;
wire in display bram;
wire [7:0] bram dout;
wire [1:0] bram state;

// Text & Graphics Coordinates
wire [10:0] text x pos, graphics_x pos;
wire [9:0] text y pos, graphics_y pos;

// Chroma éKey Compositing
wire [7:0] thr range, h thr, s _thr, v_thr;

// Image Enhancement
wire [7:0] s_offset, v_offset;
wire s dir, v_dir;

// User Selections
wire [2:0] selected filter;
wire [1:0] selected graphic;

// Background Pixel

wire [23:0] vr_bkgd;
assign vr_bkgd[23:16] = {bkgd vr pixel[15:11], }s
assign vr bkgd[15:8] = {bkgd vr pixel[10:5], Y
assign vr_bkgd[7:0] = {bkgd vr pixel[4:0], }s
pixel sel #( ) pixel sell(
.clk (clk),
.reset (reset),
// states
.fsm_state (fsm_state),
.bram_state (bram_state),
// user switches
.sw_ntsc (sw_ntsc),
.store_bram (store_bram),
.enhance_en (enhance_en),
.filters_en (filters_en),
.text_en (text_en),
.graphics_en (graphics_en),
.move_text_en (move_text_en),
.move_graphics_en (move_graphics_en),
.custom_text en (custom_text en),
// user buttons
.up (up),
.down (down),
.left (left),
.right (right),
.select0 (select0),
.selectl (selectl),
.select2 (select2),
.select3 (select3),
.background (background),
// custom text gen
.num_char (num_char),
.char_array rdy (char_array_rdy),
.char_array (char_array),
// pixel values
.vr_pixel (vr_pixel),
.bram_dout (bram_dout),
.vr_bkgd color (vr_bkgd),
// VGA timing
.hcount (hcount),
.vcount (vcount),
.blank (blank),
.hsync (hsync),
.vsync (vsync),
.h_offset (h_offset),
.in display bram (in_display bram),
// VGA outputs
.pixel out (pixel out),
.blank out (blank out),
.hsync_out (hsync_out),
14

.vsync_out (vsync_out)
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)i

.text_x pos
.text_y pos

.graphics x pos
.graphics_y pos

Page 10

(text_x pos),
(text_y pos),
(graphics x pos),
(graphics_y pos),

// hex display

.thr_range

(thr_range),

.h_thr (h_thr),
.v_thr (v_thr),
.s_thr (s_thr),

// image enhancement

.s_offset (s_offset),
.v_offset (v_offset),
.s_dir (s_dir),
.v_dir (v_dir),

// user selections

.selected_filter
.selected graphic

(selected_filter),
(selected graphic)

A N A A s
//

// Display Signals for BRAM Frame
//
L1777 77 7777777777777 7777 7SS S

// offset hcount to sync first pixel being stored in BRAM with the first
// image pixel coming out on the VGA pixel signal after image processing

assign h offset

wire hcount in display bram =

ffset));

wire vcount in display bram =

)) i

= (!filters_en) ?
(selected filter
(selected filter
(selected filter

(selected filter == ) ? +
(selected_filter == ) ? + :
= (hcount >= h offset) && (hcount < ( +h o
(vecount >= ) && (vcount < ( +

// create a signal that will determine which pixels to write to BRAM + when to rea
d them out

assign in_display bram =

hcount_in display_bram && vcount_ in_display_bram;

;;//////////////////////////////////////////////////////////////////////////
// BRAMéBased Frame Buffer

/7
VN N A S N A A A A a A

wire [

ta to PC

] bram tx counter;

// serves as read address when transmitting stored da

frame bram ifc frame bram(

);

.clk

.rst
.store_bram
.hcount
.vcount
.hoffset
.voffset
.in_display
.pixel out
.fsm state
.tXx counter
.bram dout
.bram_state

(clk),

( )

(store bram),
(hcount),
(vecount),
(h_offset),

( ) s
(in_display bram),
(pixel out),
(fsm_state),
(bram_tx_ counter),
(bram dout),
(bram_state)

L1777/ S
//
// UART TX
//
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LILLLLLSSL LSS S

// R/G/B byte transmission states

localparam = 2; // if rgb tx_
byte

localparam = 0; // if rgb tx
G byte

localparam =1; // if rgb tx_
byte

reg | ] rgb_tx state_gq = 0;
RT

reg [ ] uart_tx counter_g =

assign bram tx counter =
// UART signals

wire uart reset, uart tx en;
wire [ ] uart_tx _data_in;
wire uart tx bit out;

wire [ ] uart _tx bit ctr;
wire uart_tx_busy;

uart_tx uart_ txl(

.clk (clock 65mhz),
.rst (uart_reset),

.tx _en (uart_tx en),
.data_in (uart_tx data in),
.bit out (uart tx bit out),
.tx _busy (uart_tx busy),
.bit_ctr (uart_tx bit_ctr)

);

assign uart_reset

(fsm_state ==

wire frame tx done
assign uart_tx en

(uart_tx counter
(fsm_state

assign uart tx data in

.
4

always @(posedge clk) begin
if (uart_reset) begin
uart_tx counter_g <= 0;
rgb tx State g <= 0;
end else if (vart_tx bit ctr ==

// when UART module is almost done transmitting the current byte and not all
// of the image/frame has been transmitted, determlne next R/G/B byte

if (uart _tx en) rgb tx state g <=
tate_gt+1;
// if all three bytes for a pixel
e
if (rgb_tx state_g uart
end
end

== )

assign userl[0] =

(uart_ tx counter g <

_9 ==

(rgb_tx state g ==
(rgb_tx state g
(rgb_tx state g

_txX counter_g <=

state g TX RED,

state g

state g TX BLUE,

) ? uart tx counter g

)7
)i

) && !frame_ tx_done;

) ? {bram dout]

? {bram_dout|
? {bram dout|

1, }
= ) .

== ) 1, }

) begin

(rgb_tx state g == )
have been sent,

uart_tx counter_g + ;

uart_tx _bit_out; // send the data bit to wire

A A A A A A A a i

NN A N N Ve

/7

// VGA Output

//

wire h_in start_disp = (hcount > )

wire v_in start disp = (vcount > )
h

wire in start disp = in start disp

// In order to meet
//  assign vga out red =
] ¢ 0) : pixel out[23:16];

&& (hcount < ):
&& (vcount < );
&& v_in start disp;

the setup and hold times of the AD7125, we send it ~clk.
(fsm state == FSM IDLE)

? ((in_start disp) ? vr _bkgd[23

currently transmitting R
== TX GREEN, currently transmitting

currently transmitting B

// used in transmitting separate R/G/B bytes over UA

// transmitted full frame

1, .} :

rgb tx_ s

get next pixel in image/fram

:16
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// assign vga out green = (fsm state == FSM IDLE) ? ((in _start disp) ? vr _bkgd[15:
8] : 0) : pixel out[15:8];
// assign vga out blue = (fsm state == FSM IDLE) ? ((in _start disp) ? vr _bkgd[7:0]

: 0) : pixel out[7:0];

assign vga out red

= pixel out[23:16];

assign vga out _green = pixel out[15:8];

assign vga_ out blue

= pixel out[7:0];

assign vga out _sync b = ; // not used
assign vga out pixel clock = -~clk;
assign vga_out blank b = ~blank_out;

assign vga_out_hsync = hsync out;

assign vga_out_ vsync

vsync_out;

A N A a
/7

// LED and HEX16 Display

//

L1777 77 77777777777 7777777777777777777777777777777777777777777777777777777777

assign led = ~{bram state, background[1:0], selected filter[1:0], selected graphi

C};

// Hex Display
always @ (posedge clk) begin

case (fsm_state)

ess thresholds

, , Vv_thr};

_offset};

os};

begin
dispdata[63:60] <= ; // F = Idle / Start Screen
dispdata[59:0] <= 0;
end
begin
dispdata[63:60] <= ; // D = Choose Background
// output threshold range + hue + saturation + value/brightn

dispdata[59:0] <= { , thr range, , h_thr, , s_thr

end
begin
dispdata[63:60] <= ; // C = Change Color or Filter Effec

dispdata[59:24] <= 0;
dispdata[23:0] <= { , s_dir, s_offset, , v dir, v

end
begin
dispdata[63:60] <= ; // A = Add Text or Graphics
// output number of characters in custom text input
dispdata[59:48] <= { , num_char};
// output coordinates of overlapplng text
dispdata[48:24] <= { , text_x pos, , text_y pos};
// output coordinates of overlapping graphics
dispdata[23:0] <= { , graphics_x pos, , graphics y p

end

begin
dispdata[63:60] <= : // B = Store in BRAM
dispdata[59:0] <= 0;

end

begin
dispdata[63:60] <= ; // E
dispdata[59:24] <= 0;
dispdata[23:0] <= { , , uart_tx counter_g}; // num

Send to PC

of pixels transmitted

endcase

end

endmodule

end



zbt_6111.v

//

// File: zbt 6111.v

// Date: 27 éNov €05

// Author: I. Chuang <ichuang@mit.edu>

//

// Simple ZBT driver for the MIT 6.111 labkit, which does not hide the

// pipeline delays of the ZBT from the user. The ZBT memories have

// two cycle latencies on read and write, and also need extraélong data hold
// times around the clock positive edge to work reliably.

//

L1777 77 77777777 /77
// Ike's simple ZBT RAM driver for the MIT 6.111 labkit

//

// Data for writes can be presented and clocked in immediately; the actual

// writing to RAM will happen two cycles later.

//

// Read requests are processed immediately, but the read data is not available
// until two cycles after the intial request.

//

// A clock enable signal is provided; it enables the RAM clock when high.

module zbt 6111(clk, cen, we, addr, write data, read data,
ram clk, ram we b, ram address, ram data, ram cen b);

input clk; // system clock

input cen; // clock enable for gating ZBT cycles
input we; // write enable (active HIGH)

input [18:0] addr; // memory address

input [35:0] write data; // data to write

output [35:0] read data; // data read from memory

output ram _clk; // physical line to ram clock

output ram we b; // physical line to ram we b

output [18:0] ram address; // physical line to ram address
inout [35:0] ram data; // physical line to ram data

output ram cen_b; // physical line to ram clock enable

// clock enable (should be synchronous and one cycle high at a time)
wire ram cen_b = ~cen;

// create delayed ram we signal: note the delay is by two cycles!

// ie we present the data to be written two cycles after we is raised
// this means the bus is triéstated two cycles after we is raised.
reg [1:0] we_delay;

always @ (posedge clk)
we_delay <= cen ? {we_delay[0],we} : we_delay;

// create twoéstage pipeline for write data

reg [35:0] write data oldl;
reg [35:0] write data old2;
always @ (posedge clk)

if (cen)

{write data 0ld2, write data oldl} <= {write data oldl, write data};

// wire to ZBT RAM signals

assign ram _we b = ~we;
assign ram clk = ; // gph 2011 é&Novélo
// set to zero as place holder
//  assign ram clk = ~clk; // RAM is not happy with our data hold

// times if its clk edges equal FPGA's
// so we clock it on the falling edges
// and thus let data stabilize longer

assign ram_address = addr;

assign ram data = we_delay[l] ? write data_old2 : {36{ s

assign read data = ram data;

endmodule // zbt_ 6111

Page 1
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#

# 6.111 FPGA Labkit éé Constraints File

#

# For Labkit Revision 004

#

#

# Created: Oct 30, 2004 from revision 003 contraints file
# Author: Nathan Ickes and Isaac Cambron

K

THHTTHTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTITTTTTTTTTTTTTTTTTTTTTITTTTITTTITTT77777 77

CHANGES FOR BOARD REVISION 004

Added signals for logic analyzer pods 2€&4.

Expanded tv_in ycrcy bus to 20 bits.

Renamed tv_out sclk to tv _out i2c clock for consistency
Renamed tv_out data to tv_out i2c data for consistency
Reversed disp data in and disp data out signals, so that
output of the FPGA, and "in" is an input.

"out" is an

G WN R
~

CHANGES FOR BOARD REVISION 003

Combined flash chip enables into a single signal, flash ce b.

Moved SRAM feedback clock loop to FPGA pins AL28 (out) and AJlé (in).
Moved rs232 rts to FPGA pin R3.

Moved flash address<l> to AEIl4.

N WN R~
— N N

CHANGES FOR BOARD REVISION 002

Moved ZBT BANKI_CLK signal to pin Y9.

Moved userl<30> to Jl4.

Moved user3<29> to JI13.

Added SRAM clock feedback loop between D15 and HI15.

Renamed ram# parity and ram# we# b signals.

Removed the constraint on "systemace clock"”, since this net no longer
exists. The SystemACE clock is now hardwired to the 27MHz oscillator
on the PCB.

S S S eSS SSSSSS S
QILr2Z
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Complete change history (including bug fixes)

2007 éAugél6: Fixed revision history. (flash address<l> was actually changed
to AE14 for revision 003.)

2005éSep€09: Added missing IOSTANDARD attribute to "disp data out".

2005 é&7an€23: Added a pullup to FLASH STS

2005 &7an€23: Reduced flash address bus to 24 bits, to match 128Mb devices
actually populated on the boards. (The boards support up to
256Mb devices, with 25 address lines.)

2005€&Jan€23: Change history started.

AN N N NN N NN NN N NN

#
# Audio CODEC
#

NET "beep" Loc="acl9" IOSTANDARD=LVDCI 33;
NET "audio reset b" LOC="ael8" TOSTANDARD=LVTTL;
NET "ac97 sdata out" LOC="acl8" IOSTANDARD=LVDCI_33;
NET "ac97 sdata in" LOC="aj24"
NET "ac97_synch" LOC="acl7" | IOSTANDARD=LVDCI 33;
NET "ac97 bit clock" LOC="ah24";

~e

#
# VGA Output
#
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NET "vga out red<7>" LOC="ae9" IOSTANDARD=LVTTL;

NET "vga out red<6>" LOC="ae8" IOSTANDARD=LVTTL;

NET "vga out red<5>" LOC="adl2" IOSTANDARD=LVTTL;

NET "vga out red<4>" LOC="af8" TOSTANDARD=LVTTL;

NET "vga out red<3>" LOC="af9" IOSTANDARD=LVTTL;

NET "vga out red<2>" LOC="ag9" IOSTANDARD=LVTTL;

NET "vga out red<l>" LOC="agl0" TOSTANDARD=LVTTL;

NET "vga out red<0>" LOC="afll" IOSTANDARD=LVTTL;

NET "vga_ out green<7>" LOC="ah8" TIOSTANDARD=LVTTL;
NET "vga out green<6>" LOC="ah7" IOSTANDARD=LVTTL;
NET "vga out green<5>" LOC="aj6" IOSTANDARD=LVTTL;
NET "vga_ out green<4>" LOC="ah6" IOSTANDARD=LVTTL;
NET "vga out green<3>" LOC="adl5" IOSTANDARD=LVTTL;
NET "vga out green<2>" LOC="acl4" IOSTANDARD=LVTTL;
NET "vga out green<l>" LOC="ag8" IOSTANDARD=LVTTL;
NET "vga out green<0>" LOC="acl2" IOSTANDARD=LVTTL;
NET "vga out blue<7>" LOC="agl5" IOSTANDARD=LVTTL;
NET "vga out blue<6>" LOC="agl4" IOSTANDARD=LVTTL;
NET "vga out blue<5>" LOC="agl3" IOSTANDARD=LVTTL;
NET "vga out blue<4>" LOC="agl2" IOSTANDARD=LVTTL;
NET "vga out blue<3>" LOC="ajll" IOSTANDARD=LVTTL;
NET "vga out blue<2>" LOC="ahll" IOSTANDARD=LVTTL;
NET "vga out blue<l>" LOC="ajlo" IOSTANDARD=LVTTL;
NET "vga out blue<0>" LOC="ah9" IOSTANDARD=LVTTL;
NET "vga_ out sync_b" Loc="aj9" IOSTANDARD=LVTTL;
NET "vga out blank b" LOC="aj8" IOSTANDARD=LVTTL;
NET "vga out pixel clock" LOC="acl0" IOSTANDARD=LVTTL;
NET "vga_ out hsync” LOoC="acl3" IOSTANDARD=LVTTL;
NET "vga_out vsync" LOoC="acll" IOSTANDARD=LVTTL;
#

# Video Output

#

NET "tv out ycrcb<9>" LOC="p27" IOSTANDARD=LVDCI_33;
NET "tv_out ycrcb<8>" LOC="r27" IOSTANDARD=LVDCI_ 33;
NET "tv out ycrcb<7>" LOC="t29" IOSTANDARD=LVDCI_ 33;
NET "tv out ycrcb<6>" LOC="h26" IOSTANDARD=LVDCI_33;
NET "tv out ycrcb<5>" LOC="j26" | IOSTANDARD=LVDCI 33;
NET "tv out ycrcb<4>" LOC="126" IOSTANDARD=LVDCI_ 33;
NET "tv out ycrcb<3>" LOC="m26" IOSTANDARD=LVDCI_33;
NET "tv out ycrcb<2>" LOC="n26" | IOSTANDARD=LVDCI 33;
NET "tv out ycrcb<l>" LOC="p26" IOSTANDARD=LVDCI_ 33;
NET "tv out ycrcb<0>" LOC="r26" IOSTANDARD=LVDCI_33;
NET "tv_out reset b" LOC="g27" | IOSTANDARD=LVDCI_33;
NET "tv out clock" LOC="127" | IOSTANDARD=LVDCI_33;

NET "tv out i2c clock" LOC="j27" | IOSTANDARD=LVDCI 33;
NET "tv out i2c data" LOC="h27" | IOSTANDARD=LVDCI 33;
NET "tv out pal ntsc" LOC="j25" IOSTANDARD=LVDCI_33;
NET "tv out hsync b" LOC="n27" | IOSTANDARD=LVDCI 33;
NET "tv_out vsync b" LOC="m27" IOSTANDARD=LVDCI_33;
NET "tv out blank b" LOC="h25" IOSTANDARD=LVDCI_33;
NET "tv_out subcar reset" LOC="k27" | IOSTANDARD=LVDCI 33;
#

# Video Input

#

NET "tv_in ycrcb<19>" LOC="agl7";

NET "tv_in ycrcb<18>" LOC="agl8";

NET "tv in ycrcb<l17>" LOC="agl9";

NET "tv_in ycrcb<1l6>" LOC="ag20";

NET "tv_in ycrcb<l5>" LOC="ae20";

NET "tv_in ycrcb<l4>" LOC="af2l";

NET "tv_in ycrcb<13>" LOC="ad20";

NET "tv_in ycrcb<12>" LOC="ag23";

NET "tv in ycrcb<l1l1>" LOC="aj26";

NET "tv_in ycrcb<10>" LOC="ah26";

NET "tv_in ycrcb<9>" LOC="w23";
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NET "tv_in ycrcb<g8>"
NET "tv_in ycrcb<7>"
NET "tv_in ycrcb<6>"
NET "tv_in ycrcb<5>"
NET "tv_in ycrcb<4>"
NET "tv_in ycrcb<3>"
NET "tv_in ycrcb<2>"
NET "tv_in ycrcb<l>"
NET "tv_in ycrcb<0>"

Loc="v23"
LOC="u23"
LOC="t23"
Loc="t26"
LOC="t24"
LOC="r25"
Loc="130"
LOC="m31"
LOC="m30"

Ne N6 Ne Ne Ne Ne Ne e ~o

NET "tv_in data valid" LOC="ah25";

NET "tv_in line clockl" LOC="adlé6"
NET "tv_in line clock2" LOC="adl7"

IOSTANDARD=LVDCI 33;
IOSTANDARD=LVDCI_ 33;

NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;
NODELAY ;

NET "tv _in aef" LOC="aj23";

NET "tv_in hff" LOC="ah23";

NET "tv_in aff" LOC="aj22";

NET "tv in i2c clock" LOC="ad21" | IOSTANDARD=LVDCI 33;
NET "tv _in i2c data" LOC="adl9" | IOSTANDARD=LVDCI 33;
NET "tv_in fifo read" LOC="ac22" TIOSTANDARD=LVDCI_33;
NET "tv_in fifo clock" LOC="ag22" | IOSTANDARD=LVDCI 33;
NET "tv_in iso" LOC="aj27" IOSTANDARD=LVDCI 33;

NET "tv_in reset b" LOC="ag25" | IOSTANDARD=LVDCI_33;
NET "tv_in clock" LOC="ab2l" | IOSTANDARD=LVDCI_33;
#

# SRAMs

#

NET "ram0 data<35>" LOC="ab25" IOSTANDARD=LVDCI_ 33
NET "ram0 data<34>" LOC="ah29" IOSTANDARD=LVDCI 33
NET "ram0 data<33>" LOC="ag28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<32>" LOC="ag29" IOSTANDARD=LVDCI_ 33
NET "ram0 data<31>" LOC="af27" IOSTANDARD=LVDCI 33
NET "ram0 data<30>" LOC="af29" IOSTANDARD=LVDCI_ 33
NET "ram0 data<29>" LOC="af28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<28>" LOC="ae28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<27>" LOC="ad25" IOSTANDARD=LVDCI_ 33
NET "ram0 data<26>" LOC="aa25" IOSTANDARD=LVDCI_ 33
NET "ram0 data<25>" LOC="ah30" IOSTANDARD=LVDCI_ 33
NET "ram0 data<24>" LOC="ah31" IOSTANDARD=LVDCI_ 33
NET "ram0 data<23>" LOC="ag30" IOSTANDARD=LVDCI_ 33
NET "ram0 data<22>" LOC="ag3l" IOSTANDARD=LVDCI 33
NET "ram0 data<21>" LOC="af30" IOSTANDARD=LVDCI_ 33
NET "ram0 data<20>" LOC="af31" IOSTANDARD=LVDCI_ 33
NET "ram0 data<19>" LOC="ae30" IOSTANDARD=LVDCI 33
NET "ram0 data<18>" LOC="ae31l" IOSTANDARD=LVDCI_ 33
NET "ram0 data<l17>" LOC="y27" IOSTANDARD=LVDCI_ 33
NET "ram0 data<l6>" LOC="aa28" IOSTANDARD=LVDCI 33
NET "ram0 data<15>" LOC="y29" IOSTANDARD=LVDCI_ 33
NET "ram0 data<14>" LOC="y28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<13>" LOC="w29" IOSTANDARD=LVDCI_ 33
NET "ram0 data<12>" LOC="w28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<l1>" LOC="v28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<10>" LOC="u29" IOSTANDARD=LVDCI_ 33
NET "ram0 data<9>" LOC="u28" IOSTANDARD=LVDCI_ 33
NET "ram0 data<8>" LOC="aa27" IOSTANDARD=LVDCI_ 33
NET "ram0 data<7>" LOC="ad31l" IOSTANDARD=LVDCI 33
NET "ram0 data<é6>" LOC="ac30" IOSTANDARD=LVDCI_ 33
NET "ram0 data<5>" LOC="ac31l" IOSTANDARD=LVDCI_ 33
NET "ram0 data<4>" LOC="ab30" IOSTANDARD=LVDCI 33
NET "ram0 data<3>" LOC="ab31l" IOSTANDARD=LVDCI_ 33
NET "ram0 data<2>" LOC="aa30" IOSTANDARD=LVDCI_ 33
NET "ram0 data<l>" LOC="aa3l" IOSTANDARD=LVDCI 33
NET "ram0 data<0>" LOC="y30" IOSTANDARD=LVDCI_ 33

NET "ram0 address<18
NET "ram0 address<17
NET "ram0 address<l6
NET "ram0O0 address<l5
NET "ram0 address<14
NET "ram0 address<13
NET "ram0O address<12
NET "ram0_ address<ll

- LOC="v31"
>|| LOC=|IW31|I
>" LOC="ad28"
>" LOC="ad29"
>" LOC="ac24"
>" LOC="ad26"
>" LOC="ad27"
>" LOC="ac27"

IOSTANDARD=LVDCI 33;
IOSTANDARD=LVDCI_ 33;

NODELAY;

IOSTANDARD=LVDCI_33;
IOSTANDARD=LVDCI 33;
IOSTANDARD=LVDCI_ 33;
IOSTANDARD=LVDCI_ 33;
IOSTANDARD=LVDCI 33;
IOSTANDARD=LVDCI_ 33;

Page 3
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NET "ram0 address<10>" LOC="ab27" | IOSTANDARD=LVDCI 33;

NET "ram0 address<9>" LOC="y31" IOSTANDARD=LVDCI_33;

NET "ram0 address<8>" LOC="w30" IOSTANDARD=LVDCI_ 33;

NET "ram0 address<7>" LOC="y26" IOSTANDARD=LVDCI_ 33;

NET "ram0 address<6>" LOC="y25" IOSTANDARD=LVDCI_ 33;

NET "ram0 address<5>" LOC="ab24" IOSTANDARD=LVDCI_ 33;

NET "ram0_ address<4>" LOC="ac25" TOSTANDARD=LVDCI_33;

NET "ram0 address<3>" LOC="aa26" IOSTANDARD=LVDCI_33;

NET "ram0 address<2>" LOC="aa24" IOSTANDARD=LVDCI_ 33;

NET "ram0_ address<1>" LOC="ab29" TIOSTANDARD=LVDCI_33;

NET "ram0 address<0>" LOC="ac26" IOSTANDARD=LVDCI_33;

NET "ram0 adv 1d" LOC="v26" | IOSTANDARD=LVDCI 33;

NET "ram0 clk" LOC="u30" | IOSTANDARD=LVDCI_33;

NET "ram0 cen b" LOC="u25" | IOSTANDARD=LVDCI_ 33;

NET "ram0 ce b" LOC="w26" IOSTANDARD=LVDCI_ 33;

NET "ram0 oe b" LOC="v25" IOSTANDARD=LVDCI_33;

NET "ram0 we b" LOC="u3l" IOSTANDARD=LVDCI 33;

NET "ram0 bwe b<0>" LOC="v27" IOSTANDARD=LVDCI_33;

NET "ram0 bwe b<1>" LOC="u27" IOSTANDARD=LVDCI_33;

NET "ram0 bwe b<2>" LOC="w27" IOSTANDARD=LVDCI 33;

NET "ram0 bwe b<3>" LOC="u26" IOSTANDARD=LVDCI_ 33;

NET "raml data<35>" LOC="aa9" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<34>" LOC="ah2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<33>" LOC="ahl" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<32>" LOC="ag2" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<31>" LOC="agl" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<30>" LOC="af2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<29>" LOC="afl" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<28>" LOC="ae2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<27>" LOC="ael" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<26>" LOC="ab9" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<25>" LOC="ah3" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<24>" LOC="ag4" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<23>" LOC="ag3" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<22>" LOC="af4" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<21>" LOC="af3" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<20>" LOC="aed" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<19>" LOC="ae5" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<18>" LOC="ad5" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<l17>" LOC="v2" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<16>" LOC="adl" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<15>" LOC="ac2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<l14>" LOC="acl" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<13>" LOC="ab2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<12>" LOC="abl" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<l1>" LOC="aa2" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<10>" LOC="aal" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<9>" LOC="y2" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<8>" LOC="v4" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<7>" LOC="ac3" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<6>" LOC="ac4" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<5>" LOC="aa5" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<4>" LOC="aa3" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<3>" LOC="aad" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<2>" LOC="y3" IOSTANDARD=LVDCI 33 NODELAY;
NET "raml data<l>" LOC="y4" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml data<0>" LOC="w3" IOSTANDARD=LVDCI_ 33 NODELAY;
NET "raml address<18>" LOC="ab3" IOSTANDARD=LVDCI_ 33;

NET "raml address<17>" LOC="ac5" IOSTANDARD=LVDCI_33;

NET "raml address<16>" LOC="u6" IOSTANDARD=LVDCI_ 33;

NET "raml address<15>" LOC="v6" IOSTANDARD=LVDCI_ 33;

NET "raml address<14>" LOC="w6" IOSTANDARD=LVDCI_33;

NET "raml address<13>" LOC="y6" IOSTANDARD=LVDCI_ 33;

NET "raml address<12>" LOC="aa7" IOSTANDARD=LVDCI_ 33;

NET "raml address<11>" LOC="ab7" IOSTANDARD=LVDCI_ 33;

NET "raml address<10>" LOC="ac6" IOSTANDARD=LVDCI_ 33;

NET "raml address<9>" LOC="ad3" IOSTANDARD=LVDCI_ 33;

NET "raml address<8>" LOC="ad4" IOSTANDARD=LVDCI_33;

NET "raml address<7>" LOC="u3" IOSTANDARD=LVDCI_ 33;

NET "raml address<6>" LOC="w4" IOSTANDARD=LVDCI_ 33;



labkit.ucf

NET "raml address<5>" LOC="ac8" TOSTANDARD=LVDCI_33;
NET "raml address<4>" LOC="ab8" IOSTANDARD=LVDCI_33;
NET "raml address<3>" LOC="aa8" IOSTANDARD=LVDCI_ 33;
NET "raml address<2>" LOC="y7" IOSTANDARD=LVDCI_ 33;
NET "raml address<1>" LOC="y8" IOSTANDARD=LVDCI_33;
NET "raml address<0>" LOC="ad7" | IOSTANDARD=LVDCI_ 33;
NET "raml adv 1d" LOC="y5" | IOSTANDARD=LVDCI_33;

NET "raml clk" LOC="y9" | IOSTANDARD=LVDCI 33;

NET "raml cen b" LOC="v5" | IOSTANDARD=LVDCI_ 33;

NET "raml ce b" LOC="u4d" IOSTANDARD=LVDCI_ 33;

NET "raml oe b" LOC="w5" IOSTANDARD=LVDCI 33;

NET "raml we b" LOC="aa6" | IOSTANDARD=LVDCI 33;

NET "raml bwe b<0>" LOC="u2" IOSTANDARD=LVDCI_33;
NET "raml bwe b<1>" LOC="ul" IOSTANDARD=LVDCI 33;
NET "raml bwe b<2>" LOC="v1" IOSTANDARD=LVDCI_ 33;
NET "raml bwe b<3>" LOC="u5" IOSTANDARD=LVDCI_33;
NET "clock feedback out" LOC="al28" | IOSTANDARD=LVDCI 33;
NET "clock feedback in" LOC="ajlé6";

#

# Flash

#

NET "flash data<15>" LOC="akl0" IOSTANDARD=LVTTL;
NET "flash data<14>" LOC="akll" IOSTANDARD=LVTTL;
NET "flash data<13>" LOC="akl2" IOSTANDARD=LVTTL;
NET "flash data<12>" LOC="akl3" IOSTANDARD=LVTTL;
NET "flash data<11l>" LOC="akl4" IOSTANDARD=LVTTL;
NET "flash data<l10>" LOC="akl5" IOSTANDARD=LVTTL;
NET "flash data<9>" ©LOC="ahl2" IOSTANDARD=LVTTL;
NET "flash data<8>" ©LOC="ahl3" IOSTANDARD=LVTTL;
NET "flash data<7>" LOC="all0" IOSTANDARD=LVTTL;
NET "flash data<é6>" LOC="alll" IOSTANDARD=LVTTL;
NET "flash data<5>" ©LOC="all2" IOSTANDARD=LVTTL;
NET "flash data<4>" LOC="all3" IOSTANDARD=LVTTL;
NET "flash data<3>" ©LOC="all4" IOSTANDARD=LVTTL;
NET "flash data<2>" ©LOC="all5" IOSTANDARD=LVTTL;
NET "flash data<l>" LOC="ajl2" IOSTANDARD=LVTTL;
NET "flash data<0>" LOC="ajl3" IOSTANDARD=LVTTL;
#NET "flash address<24>" LOC="al7";

NET "flash address<23>" LOC="ajl5";

NET "flash address<22>" LOC="al25";

NET "flash address<21>" LOC="ak23";

NET "flash address<20>" LOC="al23";

NET "flash address<19>" LOC="ak22";

NET "flash address<18>" LOC="al22";

NET "flash address<17>" LOC="ak21l";

NET "flash address<16>" LOC="al2l";

NET "flash address<15>" LOC="ak20";

NET "flash address<14>" LOC="al20";

NET "flash address<13>" LOC="akl9";

NET "flash address<12>" LOC="all9";

NET "flash address<11>" LOC="all8";

NET "flash address<10>" LOC="akl7";

NET "flash address<9>" ©LOC="all7";

NET "flash address<8>" LOC="ah21l";

NET "flash address<7>" LOC="aj20";

NET "flash address<6>" LOC="ah20";

NET "flash address<5>" ©LOC="ajlo";

NET "flash address<4>" LOC="ahl9";

NET "flash address<3>" LOC="ahl8";

NET "flash address<2>" ©LOC="ajl7";

NET "flash address<1>" LOC="aeld";

NET "flash address<0>" LOC="ahl4";

NET "flash ce b" LOC="aj21" | IOSTANDARD=LVDCI 33;
NET "flash oe b" LOC="ak9" IOSTANDARD=LVDCI_33;

NET "flash we b" LOC="al8" IOSTANDARD=LVDCI 33;

NET "flash reset b" LOC="akl8" | IOSTANDARD=LVDCI_33;
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NET "flash sts" LOC="al9" PULLUP;

NET "flash byte b" LOC="ahl5" | IOSTANDARD=LVDCI_33;
#

# RS €232

#

NET "rs232 txd" LOC="p4" | IOSTANDARD=LVDCI_33;
NET "rs232 rxd" LOC="p6";

NET "rs232 rts" LOC="r3" | IOSTANDARD=LVDCI_ 33;
NET "rs232 cts" LOC="n8";

#

# Mouse and Keyboard

#

NET "mouse clock" LOC="acl6";

NET "mouse data" LOC="acl5";

NET "keyboard clock" LOC="agl6";

NET "keyboard data" LOC="aflé6";

#

# Clocks

#

NET "clock 27mhz" LOC="clé6";

NET "clockl" LOC="hl6";

NET "clock2" LOC="cl5";

#

# Alphanumeric Display

#

NET "disp blank" LOC="afl12" | IOSTANDARD=LVDCI 33;
NET "disp data in" LOC="ael2";

NET "disp clock" LOC="afl4" | IOSTANDARD=LVDCI 33;
NET "disp rs" LOC="afl5" IOSTANDARD=LVDCI_33;
NET "disp ce b" LOC="afl3" IOSTANDARD=LVDCI_33;
NET "disp reset b" LOC="agll" | IOSTANDARD=LVDCI_ 33;
NET "disp data out" LOC="ael5" | IOSTANDARD=LVDCI_33;
#

# Buttons and Switches

#

NET "button0" LOC="aell";

NET "buttonl" LOC="aell";

NET "button2" LOC="adll";

NET "button3" LOC="abl2";

NET "button enter" LOC="ak7";

NET "button right" LOC="alé6";

NET "button left" LOC="al5";

NET "button up" LOC="al4";

NET "button down" LOC="ak6";

NET "switch<7>" LOC="ad22";

NET "switch<6>" LOC="ae23";

NET "switch<5>" LOC="ac20";

NET "switch<4>" LOC="ab20";

NET "switch<3>" LOC="ac21l";

NET "switch<2>" LOC="ak25";

NET "switch<1>" LOC="al26";

NET "switch<0>" LOC="ak26";

#

# Discrete LEDs

#

NET "led<7>" LOC="ael7" IOSTANDARD=LVTTL;

NET "led<6>" LOC="afl7" IOSTANDARD=LVTTL;

NET "led<5>" LOC="afl8" IOSTANDARD=LVTTL;

NET "led<4>" LOC="afl9" IOSTANDARD=LVTTL;

NET

"led<3>" LOC="af20"

IOSTANDARD=LVTTL;
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NET "led<2>" LOC="ag2l"
"led<1>" LOC="ae2l"
"led<0>" LOC="ae22"

NET
NET

#

# User Pins

#

NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET

NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET

"userl<31>"
"userl<30>"
"userl1<29>"
"userl<28>"
"userl<27>"
"userl<26>"
"userl<25>"
"userl<24>"
"userl<23>"
"userl<22>"
"userl<21>"
"userl<20>"
"userl<19>"
"userl<18>"
"userl<17>"
"userl<l1l6>"
"userl<15>"
"userl<l14>"
"userl<13>"
"userl<l12>"
"userl<l1>"
"userl<10>"

"userl<9>"
"userl<g>"
"userl<7>"
"userl<e6>"
"userl<5>"
"userl<4>"
"userl<3>"
"userl<2>"
"userl<1>"
"userl<0>"

"user2<31>"

"user2<30>

n

"user2<29>"
"user2<28>"

"user2<27>

n

"user2<26>"
"user2<25>"

"user2<24>

n

"user2<23>"
"user2<22>"

"user2<21>

n

"user2<20>"
"user2<19>"

"user2<18>

n

"user2<17>"
"user2<16>"

"user2<15>

n

"user2<14>"
"user2<13>"

"user2<12>

"

"user2<11>"
"user2<10>"

"user2<9>"
"user2<8>"
"user2<7>"
"user2<6>"
"user2<5>"
"user2<4>"
"user2<3>"
"user2<2>"

LOC="915"
LoC="7j14"
LOC="g15"
Loc="f14"
LOC="£12"
LOC="h11"
LOC="g9"
LOC="h9"
LOC="b15"
LOC="b14"
LOC="f15"
LOC="el3"
LOC="ell"
LOC="e9"
LOC="f8"
LOC="£7"
LOC="c13"
LOC="c12"
LOC="c11"
LOC="c10"
LOC="c9"
LOC="c8"
LOC="c6"
LOC="e6"
LOC="all"
LOC="al0"
LOC="a9"
LOC="a8"
LOC="b6"
LOC="b5"
LOC="c5"
LOC="b3"
LOC="b27"
LOC="b26"
LOC="b25"
LOC="a24"
LOC="a23"
LOC="a22"
LOC="a21"
LOC="a20"
LOC="d26"
LOC="d25"
LOC="c24"
LOC="d23"
LOC="d21"
LOC="d20"
LOC="d19"
LOC="d18"
LOC="f24"
LOC="f£23"
LOC="e22"
LOC="e20"
LOC="el8"
LOC="el6"
LOC="al9"
LOC="al8"
LOC="h22"
LOC="g22"
Loc="f£21"
LOC="f£19"
LOC="£17"

LOC="h19"

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
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NET
NET

NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET

NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET
NET

#

"user2<1>"
"user2<0>"

"user3<31>"
"user3<30>"
"user3<29>
"user3<28>"
"user3<27>"
"user3<26>
"user3<25>"
"user3<24>"
"user3<23>
"user3<22>"
"user3<21>"
"user3<20>
"user3<19>"
"user3<18>"
"user3<17>
"user3<16>"
"user3<15>"
"user3<14>
"user3<13>"
"user3<12>"
"user3<11>
"user3<10>"

"user3<9>"
"user3<8g>"
"user3<7>"
"user3<6>"
"user3<5>"
"user3<4>"
"user3<3>"
"user3<2>"
"user3<1>"
"user3<0>"

"userd4<31>"
"user4<30>"
"user4<29>
"user4<28>"
"user4<27>"
"user4<26>
"userd4<25>"
"user4<24>"
"user4<23>
"userd4<22>"
"user4<21>"
"user4<20>
"user4<19>"
"user4<18>"
"user4<17>
"userd<16>"
"user4<15>"
"userd4<14>
"userd4<13>"
"user4<12>"
"userd4<11>
"user4<10>"

"user4<9>"
"user4<8g>"
"user4<7>"
"user4<e6>"
"user4<5>"
"user4<4>"
"user4<3>"
"user4<2>"
"user4<1>"
"user4<0>"

LOC="g20"
LOC="h21"
LoC="g12"
LOC="h13"
LOC="713"
LOC="gl4"
Loc="f£13"
LOC="f11"
LOC="g10"
LOC="h10"
LOC="al5"
LOC="ald"
LOC="el5"
LOC="el4"
LOC="el2"
LOC="el0"
LOC="f9"
LOC="g8"
LOC="d14"
LOC="d13"
LoCc="d12"
LoCc="d11"
LOC="d9"
LOC="d8"
LOC="d7"
LOC="d6"
LOC="b12"
LOC="b11"
LOC="b10"
LOC="b9"
LOC="a7"
LOC="a6"
LOC="a5"
LOC="a4"
LOC="a28"
LOC="a27"
LOC="a26"
LOC="a25"
LOC="b23"
LOC="b22"
LOC="b21"
LOC="b20"
LOC="e25"
LOC="c26"
LOC="d24"
LOC="c23"
LOC="c22"
LOC="c21"
LOC="c20"
LOC="c19"
LOC="g24"
LOC="e24"
LOC="e23"
LOC="e21"
LOC="e19"
LOC="el7"
LOC="b19"
LOC="b18"
LOC="h23"
LOC="g23"
LOC="g21"
LOC="£20"
LOC="f£18"
LOC="f16"
LOC="g18"
LOC="g17"

# Daughter Card

#

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
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NET "daughtercard<43>" LOC="L7" IOSTANDARD=LVTTL;

NET "daughtercard<42>" LOC="H1" IOSTANDARD=LVTTL;

NET "daughtercard<41>" LOC="J2" IOSTANDARD=LVTTL;

NET "daughtercard<40>" LOC="J1" IOSTANDARD=LVTTL;

NET "daughtercard<39>" LOC="K2" IOSTANDARD=LVTTL;

NET "daughtercard<38>" LOC="M7" IOSTANDARD=LVTTL;

NET "daughtercard<37>" LOC="M6" IOSTANDARD=LVTTL;

NET "daughtercard<36>" LOC="M3" IOSTANDARD=LVTTL;

NET "daughtercard<35>" LOC="M4" IOSTANDARD=LVTTL;

NET "daughtercard<34>" LOC="L3" IOSTANDARD=LVTTL;

NET "daughtercard<33>" LOC="K1" IOSTANDARD=LVTTL;

NET "daughtercard<32>" LOC="L4" IOSTANDARD=LVTTL;

NET "daughtercard<31>" LOC="K3" IOSTANDARD=LVTTL;

NET "daughtercard<30>" LOC="K9" IOSTANDARD=LVTTL;

NET "daughtercard<29>" LOC="L9" IOSTANDARD=LVTTL;

NET "daughtercard<28>" LOC="K8" IOSTANDARD=LVTTL;

NET "daughtercard<27>" LOC="K7" IOSTANDARD=LVTTL;

NET "daughtercard<26>" LOC="L8" IOSTANDARD=LVTTL;

NET "daughtercard<25>" LOC="L6" IOSTANDARD=LVTTL;

NET "daughtercard<24>" LOC="M5" IOSTANDARD=LVTTL;

NET "daughtercard<23>" LOC="N5" IOSTANDARD=LVTTL;

NET "daughtercard<22>" LOC="P5" IOSTANDARD=LVTTL;

NET "daughtercard<21>" LOC="D3" IOSTANDARD=LVTTL;

NET "daughtercard<20>" LOC="E4" IOSTANDARD=LVTTL;

NET "daughtercard<19>" LOC="E3" IOSTANDARD=LVTTL;

NET "daughtercard<18>" LOC="F4" IOSTANDARD=LVTTL;

NET "daughtercard<l17>" LOC="F3" IOSTANDARD=LVTTL;

NET "daughtercard<l16>" LOC="G4" IOSTANDARD=LVTTL;

NET "daughtercard<15>" LOC="H4" IOSTANDARD=LVTTL;

NET "daughtercard<14>" LOC="J3" IOSTANDARD=LVTTL;

NET "daughtercard<13>" LOC="J4" IOSTANDARD=LVTTL;

NET "daughtercard<12>" LOC="D2" IOSTANDARD=LVTTL;

NET "daughtercard<l1>" LOC="D1" IOSTANDARD=LVTTL;

NET "daughtercard<10>" LOC="E2" IOSTANDARD=LVTTL;

NET "daughtercard<9>" LOC="EL1" IOSTANDARD=LVTTL;

NET "daughtercard<8>" LOC="F5" IOSTANDARD=LVTTL;

NET "daughtercard<7>" LOC="G5" IOSTANDARD=LVTTL;

NET "daughtercard<6>" LOC="H5" IOSTANDARD=LVTTL;

NET "daughtercard<5>" LOC="J5" IOSTANDARD=LVTTL;

NET "daughtercard<4>" LOC="K5" IOSTANDARD=LVTTL;

NET "daughtercard<3>" LOC="H7" IOSTANDARD=LVTTL;

NET "daughtercard<2>" LOC="J8" IOSTANDARD=LVTTL;

NET "daughtercard<l>" LOC="J6" IOSTANDARD=LVTTL;

NET "daughtercard<0>" LOC="J7" IOSTANDARD=LVTTL;

#

# System Ace

#

NET "systemace data<l5>" LOC="F29" IOSTANDARD=LVTTL;
NET "systemace data<l4>" LOC="G28" IOSTANDARD=LVTTL;
NET "systemace data<13>" LOC="H29" IOSTANDARD=LVTTL;
NET "systemace data<l12>" LOC="H28" IOSTANDARD=LVTTL;
NET "systemace data<l1>" LOC="J29" IOSTANDARD=LVTTL;
NET "systemace data<10>" LOC="J28" IOSTANDARD=LVTTL;
NET "systemace data<9>" LOC="K29" IOSTANDARD=LVTTL;
NET "systemace data<8>" LOC="L29" IOSTANDARD=LVTTL;
NET "systemace data<7>" LOC="L28" IOSTANDARD=LVTTL;
NET "systemace data<6>" LOC="M29" IOSTANDARD=LVTTL;
NET "systemace data<5>" LOC="M28" IOSTANDARD=LVTTL;
NET "systemace data<4>" LOC="N29" IOSTANDARD=LVTTL;
NET "systemace data<3>" LOC="N28" IOSTANDARD=LVTTL;
NET "systemace data<2>" LOC="P28" IOSTANDARD=LVTTL;
NET "systemace data<l>" LOC="R29" IOSTANDARD=LVTTL;
NET "systemace data<0>" LOC="R28" IOSTANDARD=LVTTL;
NET "systemace address<6>" LOC="E29" IOSTANDARD=LVTTL;
NET "systemace address<5>" LOC="F28" IOSTANDARD=LVTTL;
NET "systemace address<4>" LOC="H31" IOSTANDARD=LVTTL;
NET "systemace address<3>" LOC="J30" IOSTANDARD=LVTTL;
NET "systemace address<2>" LOC="J31" IOSTANDARD=LVTTL;
NET "systemace address<1l>" LOC="K30" IOSTANDARD=LVTTL;
NET "systemace address<0>" LOC="K31" IOSTANDARD=LVTTL;
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NET "systemace ce b" LOC="E28" IOSTANDARD=LVTTL;
NET "systemace we b" LOC="P31" IOSTANDARD=LVTTL;
NET "systemace oe b" LOC="R31" IOSTANDARD=LVTTL;

NET "systemace irqg" LOC="D29";
NET "systemace mpbrdy" LOC="L31";

#

# Logic Analyzer

#

NET "analyzerl data<l5>" LOC="G1" IOSTANDARD=LVTTL;
NET "analyzerl data<14>" LOC="H3" IOSTANDARD=LVTTL;
NET "analyzerl data<13>" LOC="M9" IOSTANDARD=LVTTL;
NET "analyzerl data<12>" LOC="M8" IOSTANDARD=LVTTL;
NET "analyzerl data<11>" LOC="L5" IOSTANDARD=LVTTL;
NET "analyzerl data<l10>" LOC="L1" IOSTANDARD=LVTTL;
NET "analyzerl data<9>" LOC="L2" IOSTANDARD=LVTTL;
NET "analyzerl data<8>" LOC="N9" IOSTANDARD=LVTTL;
NET "analyzerl data<7>" LOC="M1" IOSTANDARD=LVTTL;
NET "analyzerl data<6>" LOC="M2" IOSTANDARD=LVTTL;
NET "analyzerl data<5>" LOC="N1" IOSTANDARD=LVTTL;
NET "analyzerl data<4>" LOC="N2" IOSTANDARD=LVTTL;
NET "analyzerl data<3>" LOC="Pl" IOSTANDARD=LVTTL;
NET "analyzerl data<2>" LOC="P2" IOSTANDARD=LVTTL;
NET "analyzerl data<l>" LOC="R1" IOSTANDARD=LVTTL;
NET "analyzerl data<0>" LOC="R2" IOSTANDARD=LVTTL;
NET "analyzerl clock" LOC="G2" | IOSTANDARD=LVTTL;
NET "analyzer2 data<l5>" LOC="£2" | IOSTANDARD=LVTTL;

NET "analyzer2 data<l4>" LOC="k10"
NET "analyzer2 data<13>" LOC="110"
NET "analyzer2 data<l2>" LOC="ml0"

IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;
IOSTANDARD=LVTTL;

NET "analyzer2 data<11>" LOC="r7" IOSTANDARD=LVTTL;
NET "analyzer2 data<l10>" LOC="n3" IOSTANDARD=LVTTL;
NET "analyzer2 data<9>" LOC="r8" IOSTANDARD=LVTTL;
NET "analyzer2 data<8>" LOC="r9" IOSTANDARD=LVTTL;
NET "analyzer2 data<7>" LOC="p9" IOSTANDARD=LVTTL;
NET "analyzer2 data<6>" LOC="né6" IOSTANDARD=LVTTL;
NET "analyzer2 data<5>" LOC="p7" IOSTANDARD=LVTTL;
NET "analyzer2 data<4>" LOC="n4" IOSTANDARD=LVTTL;
NET "analyzer2 data<3>" LOC="t8" IOSTANDARD=LVTTL;
NET "analyzer2 data<2>" LOC="t9" IOSTANDARD=LVTTL;
NET "analyzer2 data<l>" LOC="r6" IOSTANDARD=LVTTL;
NET "analyzer2 data<0>" LOC="r5" IOSTANDARD=LVTTL;
NET "analyzer2 clock" LOC="f1" | IOSTANDARD=LVTTL;

NET "analyzer3 data<l5>" LOC="k24" IOSTANDARD=LVTTL;
NET "analyzer3 data<14>" LOC="k25" IOSTANDARD=LVTTL;
NET "analyzer3 data<l13>" LOC="k22" IOSTANDARD=LVTTL;
NET "analyzer3 data<l12>" LOC="124" IOSTANDARD=LVTTL;
NET "analyzer3 data<11>" LOC="125" IOSTANDARD=LVTTL;
NET "analyzer3 data<l10>" LOC="122" IOSTANDARD=LVTTL;
NET "analyzer3 data<9>" LOC="123" IOSTANDARD=LVTTL;
NET "analyzer3 data<8>" LOC="m23" IOSTANDARD=LVTTL;
NET "analyzer3 data<7>" LOC="m24" IOSTANDARD=LVTTL;
NET "analyzer3 data<6>" LOC="m25" IOSTANDARD=LVTTL;
NET "analyzer3 data<5>" LOC="k23" IOSTANDARD=LVTTL;
NET "analyzer3 data<4>" LOC="m22" IOSTANDARD=LVTTL;
NET "analyzer3 data<3>" LOC="n23" IOSTANDARD=LVTTL;
NET "analyzer3 data<2>" LOC="p23" IOSTANDARD=LVTTL;
NET "analyzer3 data<l>" LOC="r23" IOSTANDARD=LVTTL;
NET "analyzer3 data<0>" LOC="r24" IOSTANDARD=LVTTL;
NET "analyzer3 clock" LOC="7j24" | IOSTANDARD=LVTTL;

NET "analyzer4 data<l5>" LOC="ag7" IOSTANDARD=LVTTL;
NET "analyzer4 data<14>" LOC="ak3" IOSTANDARD=LVTTL;
NET "analyzer4 data<1l13>" LOC="aj5" IOSTANDARD=LVTTL;
NET "analyzer4 data<l2>" LOC="ak29" IOSTANDARD=LVTTL
NET "analyzer4 data<ll>" LOC="ak28" IOSTANDARD=LVTTL
NET "analyzer4 data<l0>" LOC="af25" IOSTANDARD=LVTTL
NET "analyzer4 data<9>" LOC="ag24" ‘ IOSTANDARD=LVTTL;

NET "analyzer4 data<8>" LOC="af24" IOSTANDARD=LVTTL;

~e ~eo ~eo
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NET "analyzer4 data<7>" LOC="af23" TIOSTANDARD=LVTTL;
NET "analyzer4 data<6>" LOC="al27" IOSTANDARD=LVTTL;
NET "analyzer4 data<5>" LOC="ak27" IOSTANDARD=LVTTL;
NET "analyzer4 data<4>" LOC="ahl7" TOSTANDARD=LVTTL;
NET "analyzer4 data<3>" LOC="adl3" IOSTANDARD=LVTTL;
NET "analyzer4 data<2>" LOC="v7" IOSTANDARD=LVTTL;
NET "analyzer4 data<l>" LOC="u7" IOSTANDARD=LVTTL;
NET "analyzer4 data<0>" LOC="u8" IOSTANDARD=LVTTL;

NET "analyzer4 clock" LOC="ad9" | IOSTANDARD=LVTTL;



